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Abstract
Sorption-based energy technologies can be used to efficiently harvest fresh water
from the atmosphere and to store thermal energy for climate control. Recent ad-
vances in porous adsorbents such as metal-organic frameworks (MOFs), with high
sorption capacity and low regeneration temperature requirements, allow us to ef-
ficiently utilize them for these applications. However, detailed experimental and
theoretical frameworks for the use of advanced sorbents have not considered several
important aspects (e.g., inter/intracrystalline diffusion kinetics). This thesis provides
a generalized framework to select the materials, design, and develop sorption-based
energy and water systems.
First, this thesis presents the design and demonstration of a device based on porous
MOF-801 [Zr6 O4 (OH) 4(fumarate)6 j powered by natural sunlight (solar-thermal) that
captures water from the atmosphere at ambient conditions, down to 20% RH. Under
these conditions, operation of competing technologies, such as dew-based atmospheric
water generators (AWGs), is infeasible. Laboratory experiments and computational
simulations were used to optimize the device based on this MOF to maximize water
delivery capacity in arid climates. We subsequently tested an optimized device in an
exceptionally arid climate with 10-40% RH and sub-zero dew points. With a solar
flux with 1.8x concentration for desorption, we demonstrated the operation of our
device with a thermal efficiency ~14%. Finally, we quantitatively analyzed the water
quality and showed that the MOF compound was stable to water, and the metal ions
and organic linkers did not leach from the framework into the harvested water. Our
demonstration indicates that passive operation of sorption-based AWGs with high
efficiencies (> 20%) is possible and can be operated with abundant low-grade heat
sources (-100'C) under exceptionally dry climates of RH < 40%.
Second, the high enthalpy of adsorption/evaporation for a sorbent-water pair pro-
vides a promising combination for high energy density thermal storage application.
We examined use of commercial zeolite 13X-water pair for adsorption storage-based
climate control. We designed, optimized, and demonstrated compact adsorption-
based thermophysical battery prototypes for delivering heating and cooling loads to
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extend the driving range of electric vehicles.
The detailed experimental and theoretical work presented in this thesis will serve
as a general framework for sorption-based technologies, including thermal manage-
ment, heating and cooling, and water harvesting.
Thesis Supervisor: Evelyn N. Wang
Title: Gail E. Kendall Professor
6
Acknowledgments
I would like to first acknowledge my thesis advisor, Professor Evelyn N. Wang, for
her valuable contribution and guidance towards my Ph.D. thesis. She has provided
me supportive and engaging environment for me to pursue Ph.D. but also offered
me freedom in pursuing my own ideas for the research. Her remarkable leadership
gave me lessons on how to become an expert, leader, and respectful person. I would
also like to thank my Ph.D. thesis committee members: Professor John Lienhard and
Professor Rohit Karnik. Their insightful suggestions and ideas provided to me during
thesis committee meetings led me to complete the work presented in this thesis.
Much of the work presented in this thesis would not have been possible without
all of collaborators who I worked with. I thank Dr. Sameer R. Rao, Dr. Shankar
Narayanan, Dr. Sungwoo Yang, Dr. Jeremy Cho, Dr. Xiansen Li, Ari S. Umans, and
Ian S. McKay of Device Research Laboratory at MIT. I thank Professor Omar M.
Yaghi, Dr. Hiroyasu Furukawa, Eugene A. Kapustin, and Juncong Jiang of University
of California-Berkeley, Professor Carlos H. Hidrovo, Dr. Carlos A. Rios Perez, and
Arjun Venkataramanan of Northeastern University, and Ford motor company. I also
thank Professor Patrick Phelan, Sami M. Ali, and Jon Sherbeck of Arizona State Uni-
versity for assistance with experiments presented in chapter 4 of this thesis. I thank
Institute for Soldier Nanotechnologies at MIT for allow me to use crucial instruments
(thermogravimetric analyzer, differential scanning calorimeter, and scanning electron
microscope) for work presented in this thesis. I thank all of the past and present mem-
bers of Device Research Laboratory and Rohsenow Kendall heat transfer laboratory
at MIT.
Thank you to my friends at MIT, Youngsuk Jo, Jongwon Choi, Eugene N. Cho,
Seonghoon Woo, Hyundo Lee, Kyungsuk Han, Ki-Tae Kim, Taekeun Kim, Keunhwan
Pack, Sung Kwan Lee, and Jongwoo Lee who made my Ph.D. journey more enjoyable.
This thesis would not have been possible without funding sources. I thank gener-
ous support from Samsung scholarship and funding from Advanced Research Projects
Agency - Energy (ARPA-E) High Energy Advanced Thermal Storage (HEATS) pro-
gram.
Finally, I thank my parents, Ki-Chang Kim and Kyungsoon Lee, and my brother,
Hanho Kim. Without their sacrifices, unconditional loves, and supports, I would not
had the opportunity to pursue and complete my undergraduate and graduate degrees
in the United States.
7
8
Contents
1 Introduction 27
1.1 M otivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
1.2 Background: Adsorption and its applications . . . . . . . . . . . . . . 29
1.3 Background: Metal-organic frameworks (MOFs) . . . . . . . . . . . . 31
1.3.1 Water adsorption in MOFs . . . . . . . . . . . . . . . . . . . . 31
1.4 T hesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2 Characterization of adsorption enthalpy of novel water-stable zeo-
lites and metal-organic frameworks 35
2.1 Introduction and Clausius-Clapeyron relation . . . . . . . . . . . . . 36
2.2 DSC and TGA experiments . . . . . . . . . . . . . . . . . . . . . . . 38
2.3 Thermodynamic modeling . . . . . . . . . . . . . . . . . . . . . . . . 40
2.3.1 Enthalpy of adsorption as function of uptake . . . . . . . . . . 43
2.4 Direct calorimetric measurements of 13X and MgY zeolites . . . . . . 46
2.5 Summary and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 47
3 Adsorption-based atmospheric water harvesting: Laboratory, theo-
retical, and proof-of-concept investigation 49
3.1 Background: Atmospheric water harvesting . . . . . . . . . . . . ..  50
3.2 Characteristics and working principles of MOFs for atmospheric water
harvesting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.3 Synthesis and characterization of MOF-801 . . . . . . . . . . . . . . . 54
3.3.1 Synthesis of MOF-801 . . . . . . . . . . . . . . . . . . . . . . 54
3.3.2 Hydrothermal stability of MOF-801 . . . . . . . . . . . . . . . 55
3.3.3 Packing density and intercrystalline diffusivities . . . . . . . . 56
3.3.4 Adsorption isotherms and intracrystalline diffusivities . . . . . 58
3.4 Theoretical modeling framework . . . . . . . . . . . . . . . . . . . . . 60
3.5 Sample fabrication and laboratory experiments . . . . . . . . . . . . . 62
3.5.1 Sample fabrication and experimental methodology . . . . . . . 62
3.5.2 Laboratory experiments and theoretical validation . . . . . . . 64
3.6 Optimization of water harvesting processes . . . . . . . . . . . . . . . 67
3.7 Proof-of-concept demonstration . . . . . . . . . . . . . . . . . . . . . 70
3.7.1 Fabrication of proof-of-concept prototype . . . . . . . . . . . . 70
3.7.2 Proof-of-concept demonstration . . . . . . . . . . . . . . . . . 70
3.8 Summary and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 73
9
4 Adsorption-based atmospheric water harvesting: Demonstration of
an optimized device in arid climates 75
4.1 Device design and operation . . . . . . . . . . . . . . . . . . . . . . . 76
4.2 Characterization and optimization of MOF layer . . . . . . . . . . . . 80
4.2.1 MOF-801 characterizations and device optimizations . . . . . 80
4.2.2 Estimation of intercrystalline diffusivities . . . . . . . . . . . . 80
4.2.3 Adsorption isotherms and estimation of intracrystalline diffu-
sivities of M OF-801 . . . . . . . . . . . . . . . . . . . . . . . . 81
4.2.4 Optimization of MOF layer . . . . . . . . . . . . . . . . . . . 83
4.2.5 Synthesis and optical characterization of OTTI aerogel . . . . 84
4.3 Device fabrication and experimental procedure . . . . . . . . . . . . . 85
4.3.1 Device fabrication . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.3.2 Experimental procedure . . . . . . . . . . . . . . . . . . . . . 85
4.4 Representative water harvesting cycles . . . . . . . . . . . . . . . . . 87
4.4.1 Prediction of harvested water . . . . . . . . . . . . . . . . . . 90
4.5 Water harvesting cycles and prediction details . . . . . . . . . . . . . 91
4.6 W ater quality analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4.6.1 Water collection apparatus . . . . . . . . . . . . . . . . . . . . 95
4.6.2 ICP-MS and FT-IR analysis of collected water . . . . . . . . . 96
4.7 Thermal analysis for passive operation . . . . . . . . . . . . . . . . . 99
4.8 Summary and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 100
5 Adsorption-based thermophysical battery for storage-based climate
control: Generation 1, proof-of-concept 101
5.1 Background: Thermal energy storage . . . . . . . . . . . . . . . . . . 102
5.2 Working principles of thermophysical battery for climate control . . . 103
5.3 Design and operation of thermophysical battery . . . . . . . . . . . . 106
5.4 Fabrication of thermophysical battery . . . . . . . . . . . . . . . . . . 108
5.4.1 Fabrication of ABU Stacks . . . . . . . . . . . . . . . . . . . . 108
5.4.2 Design and construction of thermophysical battery for experi-
mental characterization . . . . . . . . . . . . . . . . . . . . . . 110
5.5 Experimental characterization . . . . . . . . . . . . . . . . . . . . . . 112
5.5.1 Characterization of sorption properties of zeolite 13X-water . . 112
5.5.2 Initial charging of thermophysical battery prototype . . . . . . 113
5.5.3 Performance characterization of thermophysical battery proto-
type ........ ................................ 114
5.6 Sum m ary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
6 Adsorption-based thermophysical battery for storage-based climate
control: Generation 2 119
6.1 Design and material improvements for generation 2 thermophysical
battery prototype . . . . . . . .. ... ... .. . . . . . . . . . . . . . 120
6.1.1 Material of construction . . . . . . . . . . . . . . . . . . . . . 120
6.1.2 Adsorption enclosure design . . . . . . . . . . . . . . . . . . . 120
6.1.3 Development of copper foam-fin brazing interface . . . . . . . 123
10
6.1.4 Zeolite infiltration and structural binder . . . . . . . . . . . . 124
6.1.5 Coolant tube and enclosure integration . . . . . . . . . . . . . 124
6.2 System integration and characterization . . . . . . . . . . . . . . . . . 125
6.2.1 System test platform . . . . . . . . . . . . . . . . . . . . . . . 125
6.2.2 Systematic characterization (Cooling and regeneration modes) 127
6.2.3 Systematic characterization (Heating mode) . . . . . . . . . . 131
6.2.4 Computational prediction . . . . . . . . . . . . . . . . . . . . 132
6.3 Sum m ary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
7 Conclusions and future work 135
7.1 Conclusions and contribution . . . . . . . . . . . . . . . . . . . . . . 135
7.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
7.2.1 Adsorption-based atmospheric water harvesting . . . . . . . . 137
7.2.2 Adsorption-based storage-based climate control . . . . . . . . 138
11
12
List of figures
1-1 Types of vapor physisorption isotherms (amount adsorbed) as
a function of relative pressure (Pa/Psat). Irreversible adsorption-
desorption hysteresis due to capillary condensation are shown in II b,
IV a, and V type isotherms. Other types are classified as reversible (no
hysteresis). This figure is from [171. Reprinted with permission from
E lsevier. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
1-2 Examples of (A) inorganic secondary building units and (B)
organic linkers. This figure is from H. Furukawa et al. Science, 2013.
[20]. Reprinted with permission from AAAS. . . . . . . . . . . . . . . 32
1-3 Examples of MOF structures. MOFs based on (A) Zn 4 0(CO2 )6
cluster with three different tritopic linkers, (B) Cu 2 (CO 2 ) 4 cluster with
three different tritopic linkers, (C) Cu 2 (CO2 ) 4 cluster with three dif-
ferent hexatopic linkers, and (D) Mg 30 3 (CO 2 )3 with three different
tetratopic linkers. This figure illustrates that expansion of MOF struc-
tures by factor of 2 to 17 with different organic linker combinations
without changing its underlying topology. (A) qom, (B) tbo, (C) ntt,
and (D) etb topologies. Yellow and green spheres represent the largest
sphere that can fit within the MOF structures. This figure is from H.
Furukawa et al. Science, 2013. [20]. Reprinted with permission from
AAAS......... .................................... 33
2-1 Adsorption isotherms and isosteric enthalpy of adsorption.
(A) Adsorption isotherms (vapor uptake in weight percent vs. relative
pressure, absolute pressure normalized by saturation pressure) of 13X
and MgY zeolites, and MOF-801 with water pairs characterized with
dynamic vapor sorption analyzer (DVS Vacuum, Surface Measurement
Systems Ltd., London, UK). Adsorbents were regenerated with high
vacuum (< 1Pa) with a temperature greater than 100*C (B) Isosteric
enthalpy of adsorption calculated using equation 2.1 and isotherms
shown in (A) for MOF-801 and water pair with the linear interpolation
m ethod. . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . 37
13
2-2 (A) DSC and (B) TGA results of 13X and MgY zeolites, and
MOF-801 with water pairs. Data shown in this plot is obtained
with 1"C min- temperature ramp. Weights of saturated samples used
in DSC experiments are 5.84 mg, 4.56 mg, and 9.37 mg for 13X, MgY,
and MOF-801, respectively. Magnitude of heat flow is not important
in DSC measurements as only relative heat flow between ramps 1 and
2 is considered in the calculation [24]. . . . . . . . . . . . . . . . . . . 39
2-3 TGA results of 13X and MgY zeolites, and MOF-801 at var-
ious ramp rates Only the first ramp is shown [24]. . . . . . . . . . . 39
2-4 Thermodynamic cycle plotted in uptake vs. temperature. (a)
Thermodynamic cycle representing an adsorbent undergoing desorp-
tion (process a to b), cooling down (process b to c), adsorption (pro-
cess c to a) processes between temperatures T and Tc. (B) to (D):
Subcycles within the cycle shown in (A) with various evaluation tem-
peratures, Teva. Path 1 to 2 (desorption) is carried out with DSC and
TGA experiments [24]. . . . . . . . . . . . . . . . . . . . . . . . . . . 41
2-5 Characterized enthalpies of adsorption. (A) integral adsorption
enthalpies and (B) adsorption enthalpies as function of vapor uptake,
using Eqns (7) and (17), for 13X and MgY zeolites, and MOF-801 with
water pairs at 30*C. Integral enthalpies are averaged over 31-32 wt.%,
35-36 wt.%, and 19-20 wt.% vapor uptakes for 13X and MgY zeolites,
and MOF-801, respectively. Errors reported herein are 95% confidence
interval estimated from calculated adsorption enthalpies from all mea-
surements [52, 53]. Previous calorimetric study of 13X (open black
square [541) and isosteric enthalpy of MOF-801 (open red triangle)
from figure 2-1 B are also shown. (Latent heat of evaporation of water,
hf9 , at 30"C is 2430 kJ/kg). . . . . . . . . . . . . . . . . . . . . . . . 42
2-6 Enthalpies of adsorption as function of vapor uptake at vari-
ous temperatures for (A) 13X and (B) MgY zeolites, and (C) MOF-
801 calculated using model present in figure 2-4. Errors reported herein
are 95% confidence interval estimated from calculated adsorption en-
thalpies from all measurements [52, 531. . . . . . . . . . . . . . . . . . 45
2-7 Enthalpy of adsorption as a function of uptake calculated using
equation 2.17 by varying internal energy of adsorbed vapor at 30 C.
Errors reported herein are 95% confidence interval estimated from cal-
culated adsorption enthalpies from all measurements [52, 53]. . . . . . 48
14
3-1 First-order performance estimate of an RAWG at different
operating conditions with wet-coil/dry-coil analysis. (A) First-
order thermal efficiencies of an RAWG at various operating conditions
(ambient temperatures and RHs). A compact heat exchanger from [57]
[finned circular tube surface 8.0-3/8T with fin thickness of 0.33 mm and
pitch of 3.18 mm, and frontal width and height of heat exchanger are
0.2 m and 0.26 m, respectively] was adopted with an assumption of
100% fin efficiency. Chilled water was assumed to be supplied at 2*C
with a flow rate of 0.25 kg s-1 and pump efficiency (?Jpump) of 50% [con-
suming -60 W of electricity (Wpump)] The air speed was fixed at 1.3
m s-1 with a blower efficiency (Than) of 75% [negligible power consump-
tion (Wfan)I. The entire system was assumed to be photovoltaic-driven
with conversion efficiency (CONV) of 20% and a cooling coefficient
of performance (COP) of 5. Thermal efficiency of the chosen sys-
tem was evaluated as 1 lthermal mwater ' hfg . CONV/(Qcooiing/COP +
Wpump/77pump + Wfan/77fan), where mwater, hfg, and Qcooling are harvest-
ed/condensed water, latent heat, and cooling power provided by the
refrigeration cycle, respectively. Each line represents the estimated ef-
ficiency at different ambient temperatures. (B) Qualitative operating
regime map of RAWGs based on the first-order analysis shown in (A)
plotted on a psychrometric chart. Unshaded regions represent condi-
tions where operation of RAWGs are infeasible. Note that sorption-
based AWGs can operate across all regimes shown in this plot. . . 51
3-2 Working principle of water harvesting with MOFs. (A) Water-
adsorption isotherms of Zr-based MOFs (MOF-801, MOF-841, UiO-66,
and PIZOF-2) at 25'C, showing a rapid increase in adsorption capaci-
ties (in kilograms of water per kilogram of MOF) with a relatively small
change in the relative humidity (RH) (PP,-, vapor pressure over satu-
ration pressure) (10). The background color map shows the minimum
difference between the temperatures of the ambient air (Tamb) and the
condenser (Tdew) required for dew collection with active cooling. (B)
Water-adsorption isotherms of MOF-801, measured at 25*and 65'C,
illustrating that the temperature swing can harvest greater than 0.25
kg kg-1 at >0.6 kPa vapor pressure (20% RH at 25-C). (C) A MOF
water-harvesting system, composed of a MOF layer and a condenser,
undergoing solar-assisted water-harvesting and adsorption processes.
During water harvesting (left), the desorbed vapor is condensed at the
ambient temperature and delivered through a passive heat sink, re-
quiring no additional energy input. During water capture, the vapor
is adsorbed on the MOF layer, transferring the heat to the ambient
surroundings (right). Ads. and cond., adsorption and condensation,
respectively. (D) Zr6 O4 (OH) 4 (-COO)12 secondary building units are
linked together with fumarates to form MOF-801. The large yellow,
orange, and green spheres are three different pores. Black, C; red, 0;
blue polyhedra, Zr. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
15
3-3 N 2 (red) and Ar (blue) isotherms of MOF-801 at 77 K and 87 K as
functions of relative pressure, respectively. Courtesy of E.A. Kapustin
of University of California at Berkeley. . . . . . . . . . . . . . . . . . 54
3-4 Experimentally characterized harvested water from multiple
water harvesting cycles using MOF-801. (A) Amount of har-
vested water from the first five water harvesting cycles with a simu-
lated solar flux of 1 kW m-2 (blue circles). Amount of harvested water
of powdered MOF-801 characterized with the adsorption analyzer at
35*C and 1.2 kPa for adsorption, and 85'C and 1.2 kPa for desorption
(red circles) averaged over three different runs with error bar repre-
senting SD. (B) XRD patterns of MOF-801 before and after 10
adsorption-desorption cycles. . . . . . . . . . . . . . . . . . . . . . . . 55
3-5 Hydrothermal stability of MOF-801. (A) Dynamic adsorption-
desorption behavior of MOF-801 over 80 cycles. For each cycle, room
temperature adsorption for 200 min and 85*C desorption for 30 min
(with 5YC min-' ramp rate) under a continuous flow of nitrogen-vapor
mixture at ~30% RH. (B) Water uptake as a function of cycle number. 56
3-6 Intercrystalline vapor diffusivities of packed MOF-801 in air.
(A) Characteristic void size as a function of packed adsorbent porosity
and adsorbent crystal radius. (B) Effective intercrystalline diffusivities
of vapor as functions of porosity and temperature estimated for MOF-
801, crystal diameter of ~0.6 pm, at atmospheric pressure . . . . . . 57
3-7 SEM images of powdered MOF-801 used in laboratory and
proof-of-concept experiments. Crystal diameter of MOF-801 is
-0.6 m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..57
3-8 Adsorption isotherms of MOF-801 used in laboratory and
proof-of-concept experiments. measured in a (A) pure vapor and
(B) nitrogen- vapor mixture at atmospheric pressure at various tem-
peratures ......... ................................. 59
3-9 Intracrystalline vapor diffusivities of MOF-801 used in labora-
tory and proof-of-concept experiments. Fractional water uptake
(kg kg-1 ) as a function of time for MOF-801 in (A) pure vapor and in
(B) nitrogen-vapor mixture characterized at 25"C and 20% RH. The dy-
namic responses are recorded during the isotherm measurements shown
in 3-8. (C) Estimated intracrystalline diffusivities using equation 3.6
as functions of relative humidity and temperature . . . . . . . . . . . 59
3-10 Schematic of vacuum chamber system used for water harvest-
ing experiments. Degassed vapor was provided from a primary water
reservoir and simulated solar flux was provided through a glass view
port. The chamber temperature was controlled with a heating cable
and variac power supply. A data acquisition system was used to mea-
sure the MOF-801 layer, vapor, and condenser temperatures, and the
heat flux readings. A power supply was used to control the condenser
tem perature..... .... .... . . ............. . ... . . ... 63
16
3-11 Experimental characterization of harvested water from an
adsorption-desorption cycle for MOF-801. (A) Image of MOF-
801 layer and condenser. (B) Schematic illustrates the vapor adsorp-
tion and desorption experiments carried out under isobaric conditions.
Vapor adsorbed through the sample surface by diffusion. Desorption
was achieved by applying an incident solar flux on an absorber with
a solar absorptance of 0.91, and the desorbed vapor was condensed
simultaneously in the condenser to harvest water. The condensation
heat was monitored using a heat flux sensor (HFS) with active cool-
ing through thermoelectric (TE) cooler. Ads. and Cond. represent
adsorption and condensation, respectively. (C) Layer temperature and
chamber vapor pressure as functions of time during the water harvest-
ing cycle. The background color map represents the estimated RH
from the chamber pressure and the layer temperature, and the upper
abscissa represents the predicted overall water uptake using the theo-
retical model as a function of time, lower abscissa . (D) Experimen-
tally characterized water harvesting rate (L kg-1 s 1 ) and cumulative
harvested water (L kg- 1) during desorption. The shaded region repre-
sents the error based on uncertainties of the heat flux and MOF-801
weight measurements. The predicted temperature profile and cumula-
tive water harvested are also included in (C) and (D), showing good
agreement. The activated MOF-801 weight is 1.79 g with a layer thick-
ness of 0.41 cm and a packing porosity (E) of -0.85. Subscripts sim
and exp denote simulated and experimental results, respectively. . . . 65
3-12 Predicted desorption dynamics of MOF-801 in air. Predicted
desorption water uptake (kg kg-1 ) and harvestable water (L m-2 ) with
solar flux of 1 kW m-2 . (A) porosity, E, of 0.9 with layer thickness of 3, 5,
10 mm, (B) E of 0.7 with layer thickness of 1, 3, 5 mm, and (C) e of 0.5
with layer thickness of 1, 3, 5 mm. MOF-801 was initially equilibrated
at 20% RH, at 25"C, and the vapor partial pressure rapidly increased
to 100% RH at 25"C during desorption for vapor condensation. Mass
transfer resistance is predominantly due to Knudsen diffusion at E of
~0.5. Black-body solar absorber was assumed. . . . . . . . . . . . . . 68
17
3-13 Adsorption-desorption dynamics of MOF-801 in ambient air
.with 1 sun flux. Predicted adsorption-desorption dynamics with a
packing porosity (E) of 0.7, solar flux of 1 kW m-2 , and various thick-
nesses (1 to 5 mm). MOF-801 was initially equilibrated at 20% RH at
25'C and the partial vapor pressure rapidly increased to 100% RH at
25'C during desorption for vapor condensation. After desorption, the
surrounding air-vapor mixture reverted to 20% RH. The duration of
solar exposure for thicknesses of 1, 3, and 5 mm were 1, 2.3, and 4.2
hours, respectively. Note that only the duration of solar exposure for
the 5-mm thick sample (red dotted line) is plotted for simplicity. The
1 mm, 3 mm, and 5 mm layers can harvest 0.08, 0.24, and 0.4 L m-2
of water per complete water harvesting cycle, respectively. More than
90% of the initially adsorbed water could be harvested under these
conditions. Inset shows a predicted temperature profile of the 5 mm
thick layer during the adsorption-desorption processes. Black-body so-
lar absorber was assumed. . . . . . . . . . . . . . . . . . . . . . . . . 69
3-14 Proof-of-concept water harvesting prototype. (A) Image of a
water harvesting prototype with activated MOF-801 of weight of ~1.34
g and a packing porosity (e) of -0.85 with outer dimensions of 7 cm
by 7 cm x 4.5 cm. (B) Formation and growth of droplets of water as a
function of MOF temperatures (TMOF) and time of day. (C) Represen-
tative temperature profiles for MOF-801 layer (experimental, red line;
predicted, red dash), ambient air (grey line), condenser (blue line), and
ambient dew point (green line), and solar flux (purple line) as functions
of time of day (September 14, 2016). The background color map rep-
resents the estimated RH from the condenser saturation pressure and
the layer temperature, and the upper abscissa represents the predicted
water uptake using the theoretical model as a function of time, lower
abscissa . Because of losses from the absorber solar absorptance (a,
0.91) and the glass plate solar transmittance (-r, 0.92), 84% of the solar
flux shown in (C) was used for desorption. The layer temperature and
full water harvesting potential based on complete desorption was pre-
dicted using the solar flux and environmental conditions at the end of
the experiment (dash lines). The fluctuations of the solar flux during
time 10:20 to 11:00 were due to the presence of clouds. Subscripts sim
and exp denote simulated and experimental results, respectively. . . . 72
4-1 Weather station data near testing location (Phoenix, Arizona,
United States on May 18, 2017). Ambient and dew point temper-
atures and relative humidity (RH) are shown. Night-time RH varies
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4-2 Working principle of MOF-801 based water harvesting device
and adsorption isotherms. (A) Illustrative schematic of the wa-
ter harvesting device undergoing adsorption (night-time, left half) and
solar-assisted water production (day-time, right half) processes. Dur-
ing adsorption, air is circulated around the MOF layer and water from
air is adsorbed. Passive radiative cooling lowers the MOF layer tem-
perature below ambient by dissipating thermal radiation to clear cold
sky to increase the effective RH for adsorption. During water produc-
tion, optically transparent and thermally insulating (OTTI) aerogel is
stacked on top of the MOF layer to suppress convective heat loss from
the solar absorber. The desorbed vapor is condensed on a condenser
and heat of condensation is rejected to the ambient by a heat pipe heat
sink. (B) Water adsorption isotherms of MOF-801 in kg kg- (kg of
water per kg of MOF-801) as a function of relative humidity (PPaj,
vapor pressure over saturation pressure) at temperatures of 15 0C, 25'C,
450C, 65 0C, and 85'C measured using a sorption analyzer (Q5000 SA,
TA Instruments). *Isotherm at 105"C was predicted using the charac-
teristic curve based on the isotherm at 85 0C [311. Dotted red circles
indicate representative conditions achieved during night-time adsorp-
tion and day-time water production in Arizona, United States. . . . . 77
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night-time radiative cooling. A -5 kg metal block was placed inside to
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was covered with aluminum foil to reach thermal equilibrium with the
ambient. At the start of the adsorption experiment, the aluminum
foil was removed and a temperature drop due to the passive radiative
cooling was observed. . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4-4 Water harvesting device test apparatus. (A) Photo of the device
test apparatus during the solar-assisted water production with 1.8x
optical concentration. Test location: Tempe, Arizona, United States.
(b) Photo of the water harvesting device showing the MOF layer (5 cm
by 5 cm base, porosity of 0.67 or packing density of 464 kg m-3 with 2.57
mm thickness), condenser (4 cm by 4 cm), and thermocouples through
the view port. OTTI aerogel, heat pipe heat sink, and insulation are
also show n. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4-5 SEM images of powdered MOF-801 used in climate testing.
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(standard deviation) were obtained from image analysis using ImageJ
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4-6 Effective intercrystalline vapor diffusivity of packed MOF-801
in air (black) as a function of temperature for the porosity of 0.67 and
crystal diameter of 1 pm. Vapor diffusivity in air (red) as a function
of temperature is also shown for comparison. . . . . . . . . . . . . . . 81
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(A) Vapor adsorption isotherms of MOF-801 at 15, 25, 45, 65, and
85'C. *Isotherm at 105"C was predicted from the characteristic curve
[31] based on the 850C isotherm. (B) Vapor adsorption isotherms of
MOF-801 at 25'C before (red) and after climate testing (black). (C)
and (D) Fractional water uptake (kg kg-1 ) as a function of time for
MOF-801 characterized at 25 and 65*C at 25% RH, respectively. . . . 82
4-8 Adsorption-desorption dynamics of MOF-801 in ambient air
at 30% RH. Predicted adsorption-desorption dynamics with a pack-
ing porosity of 0.67, desorption heat flux of 1 kW m-2, natural con-
vective heat transfer coefficient of 10 W m-2 K-1, ambient temperature
of 25C, and thicknesses of 1, 3, and 5 mm. MOF-801 is initially
equilibrated at 30% RH (25'C), and the partial vapor pressure rapidly
increased from 30% RH to 100% RH (at 25"C) for condensation/water
harvesting at 25'C with a desorption heat flux of 1 kW m 2 . Durations
of solar exposure for 1, 3, and 5 mm thick MOF layer are 0.8, 2.1, and
4 hours, respectively. After desorption, solar exposure is stopped and
the surrounding RH reverted to 30% RH for water adsorption from
air. The temperature profile of a 5 mm thick MOF layer is also shown.
Based on the predicted performance for the porosity of 0.67, the MOF
layer thickness should be -3 mm to enable complete saturation under
the limited time window for adsorption (approximately under 8 hours
in 20-40% RH environment). For simplicity, constant intracrystalline
diffusion coefficient of 3E-17 m 2 S-1 is used for the simulation (Figure
4-7 C) and sufficiently fast air freestream velocity is assumed to keep
the RH of 30% at the MOF layer . . . . . . . . . . . . . . . . . . . . 83
4-9 Optical and thermophysical properties of OTTI aerogel. (a)
Measured transmittance of an 8 mm thick aerogel sample using UV-
Vis-NIR spectrophotometer (Cary 5000, Agilent). The AM1.5 solar
spectrum is shown for comparison (red line). The orange area rep-
resents the transmitted spectrum by the aerogel. The solar weighted
transmission of the sample is 94.5%. (b) Predicted thermal conduc-
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4-10 Representative water harvesting test results (cycles 2 and
5). (A)-(B) Representative temperature profiles (environmental, MOF
layer, dew point, and condenser) and solar flux (global horizontal ir-
radiance (GHI) or direct normal irradiance (DNI)) as a function of
local time for representative non-concentrated (Cycle 2, May 14-15,
2017) and concentrated with 1.8x (Cycle 5, May 17-18, 2017) cycles,
respectively. (C)-(D) Representative photos illustrating droplet con-
densation on the copper plate condenser (4 cm by 4 cm) during the
water harvesting process as a function of local time for representative
non-concentrated (cycle 2) and concentrated (cycle 5) cycles, respec-
tively. Shortly after the solar exposure, the view port fogged up due to
condensation of desorbed vapor for both cycles. Thermocouples (TCs)
measuring the condenser, air gap, and the MOF layer temperatures are
also shown. Due to the higher solar flux with the concentration, the
rate of temperature increase of the MOF layer was significantly faster
than the non-concentrated cycle, reducing the time required for des-
orption. The temperature slope change at -11:45 local time indicates
near completion of desorption. The predicted amount of harvested wa-
ter for the non-concentrated (cycle 2) and concentrated (cycle 5) cycles
were ~0.12 L and -0.28 L per kg of MOF, respectively. Scale bars are
1 cm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
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ature profiles (environmental, MOF layer, dew point, and condenser)
and solar flux (global horizontal irradiance (GHI)) as a function of lo-
cal time for the cycle 1. (B) Representative photos illustrating droplet
condensation on the copper condenser (4 cm by 4 cm) during desorp-
tion process as a function of local time for the cycle 1. (C) and (D), and
(E) and (F) represent temperature profiles, solar flux (GHI for cycle
3 and direct normal irradiance (DNI) for cycle 4), and representative
photos of droplet condensation for cycle number 3 and 4, respectively.
Cycle 4 was carried out under DNI with optical concentration of 1.8x.
Scale bars are 1 cm . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
4-12 Computational predictions of non-concentrated water har-
vesting cycles. (A)-(C) Temperature profiles [Experimental (red
solid line); predicted (red dotted line)], heat flux for desorption [(so-
lar flux)*(optical and absorptance loss)], and predicted vapor uptake
during the water harvesting as a function of time of day for cycles 1,
2, and 3, respectively. For cycle 1, an initial equilibrium RH of 55%,
and for cycles 2 and 3, an initial RH of 40% was assumed based on
the RH and radiative cooling measurements shown in figures 4-10 and
4-11. For simplicity, a constant intracrystalline diffusion coefficient of
1.2E-16 m2 s4 was used for the simulation (figure 4-7 D) . . . . . . . 93
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cycles. (a)-(b) Temperature profiles [Experimental (red solid line);
predicted (red dotted line)], heat flux for desorption Rsolar flux)*(optical
and absorptance loss)*(optical concentration)], and predicted vapor
uptake during water harvesting as a function of time of day for cy-
cles 4 and 5, respectively. For both cycles, an initial equilibrium RH of
40% was assumed based on the RH and radiative cooling measurements
shown in figures 4-10 and 4-11. For simplicity, a constant intracrys-
talline diffusion coefficient of 1.2E-16 m 2 S1 was used for the simulation
(figure 4-7 D ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
4-14 Water collection apparatus. (A) Schematic of water collection ap-
paratus with MOF-801 layer. (B) Representative temperature (MOF
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for a desorption-adsorption cycle as a function of time. . . . . . . . . 96
4-15 ICP-MS analysis of control water (HPLC) and water collected
from MOF-801 (MOF). Iron (Fe; 56), copper (Cu; 63), zirconium
(Zr; 90 and 91), silver (Ag; 107), and indium (In; 115) concentrations
were analyzed. Zirconium, silver, and indium concentrations in both
HPLC and MOF samples were found to be less than 1 ppb (part per
billion), indicating that the compositions from MOF-801 did not con-
taminate the harvested water. Iron concentrations in the harvested
water (MOF) and control water (HPLC) were -3 ppb and less than 1
ppb, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4-16 Comparison of FT-IR spectra (transmittance as a function of
wavenumber) for solid fumaric acid, HPLC grade water (HPLC), and
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5-1 Working principle of adsorption-based thermophysical bat-
tery. To provide cooling or heating, the thermophysical battery is
operated by cycling the ABU between the thermodynamic states 1
and 2, and the ECU between states 3 and 4. A fully-charged thermo-
physical battery consists of the ABU at thermodynamic state 1 and
the refrigerant-filled ECU at state 3. Discharging process takes place
with the ABU undergoing adsorption, and the ECU undergoing evap-
oration, until the ABU is saturated with the refrigerant at state 2, and
the ECU is empty at state 4. The recharging is done by providing ther-
mal energy or heat to ABU, causing refrigerant desorption. Desorbed
refrigerant is then condenses in the ECU. The condensation heat in
ECU during recharge can be rejected to the ambient. As a result, the
ABU and ECU transition back from thermodynamic states 2 and 4 to
1 and 3, respectively, returning to the fully-charged state. . . . . . . 104
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5-2 Thermodynamic cycle of an adsorption-based thermophysi-
cal battery. Where Tevrp, Pevap, Tcond, and Pcond are the evaporator
temperature and pressure, and condenser temperature and pressure,
respectively. During the system operation, the temperature of the ad-
sorbent varies between Ta and Td (e.g., 60 to 100'C) and the pressure
is set by the evaporator saturation temperature, unless there is a large
pressure drop between the adsorbent and evaporator. During the sys-
tem regeneration, the temperature of the adsorbent varies between T
and T, (e.g., 100 to 250"C) and the pressure is set by the condenser sat-
uration temperature. Qevap denotes the heat input to the evaporator
(cooling) during the operation, and Qcond is the heat output from the
condenser during the regeneration process. Qadsorb is the heat released
via adsorption process (heating), and Qdesorb is the heat input into the
adsorbent during the regeneration process. . . . . . . . . . . . . . . 105
5-3 Schematic of adsorption-based thermophysical battery. (A)
Discharge mode. Heat is absorbed in the ECU due to refrigerant evap-
oration and generated in the ABU due to adsorption of gaseous refrig-
erant. (B) Recharge mode. Heat is provided to the ABU for refrigerant
desorption and heat is rejected from the ECU due to refrigerant con-
densation. (C) The ABU consists of multiple adsorbent stacks inter-
faced with coolant lines and heaters for desorption. The ECU consists
of helical copper tube evaporator and condenser for evaporation/con-
densation processes. Detailed ABU and ECU geometry is shown in
cross-sectional views (section A-A). (D) Geometric characteristics of
ABU stacks are shown. . . . . . . . . . . . . . . . . . . . . . . . . . 107
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concept of the thermophysical battery. Location of temperature
(T), pressure (P), and flow (M) sensors are labeled. A recirculating
temperature bath was used as a temperature controller to provide
coolant at desired temperature to the ECU. An air-cooled heat ex-
changer was used to dissipate generated heat from the ABU to the
am bient. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
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ameter), (C) adhesive bonding of copper layers with aluminum fin at
elevated temperature using a thermal epoxy, (D) treatment of bonded
stacks with 2 wt.% nitric acid to increase hydrophilicity prior to adsor-
bent infiltration, and (E) fabricated double-sided adsorbent stack after
zeolite 13X infiltration in water suspension. Average packing density
(dehydrated) was characterized to be around 500-600 kg m-3 . The
crystal density of zeolite 13X is 1470 kg m-3 [961 . . . . . . . . . . . . 109
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5-7 CAD design of ABU. A computer-aided design (CAD) showing the
internal structure of the ABU and the external connectors to interface
with the coolant lines, temperature and pressure sensors. The top
cover of the ABU, which seals the ABU from the ambient is not shown
for clarity. Courtesy of A.S. Umans of MIT. . . . . . . . . . . . . . .111
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kg), water (1.8 kg), Copper coolant tubings (ABU, 4.6 kg; ECU, 1.7
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5-9 Adsorption and desorption isotherm of zeolite 13X-water pair
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5-13 Performance characterization of thermophysical battery. Va-
por pressure (A) and vapor density (B) as a function of time in the
ABU and ECU. (C) Temperature profiles of ABU and ECU. Solid lines
represent spatially averaged predicted temperatures. (D) Predicted
evaporation rate and net evaporation with computational model. Inlet
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6-2 Schematic representation of the proposed scheme for the in-
tegration of the adsorption stacks into the enclosure. The fins
act as a heat spreader by allowing a conformal contact interface with
the heated enclosure walls. R represents thermal contact resistance.
Courtesy of Dr. S. R. Rao of MIT. . . . . . . . . . . . . . . . . . . . 122
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on ly. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
6-6 Schematic of the heating and cooling modes of the thermo-
physical battery generation 2 prototype test platform. A vapor
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6-7 Experimental characterization of generation 2 thermophysi-
cal battery prototype (cooling mode). (A) Schematic illustrat-
ing thermophysical battery discharging. (B) Vapor pressure profiles
in ABU and ECU during characterization. (C) Heating (ABU) and
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6-11 Simplified unit cell from figure 5-12 for computational mod-
eling. (A) Schematic of ABU single stack. (B) Simplified unit cell
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Chapter 1
Introduction
1.1 Motivation
Water and thermal energy systems are tightly coupled. About 96% of primary energy
is converted to heat for end use [1], and more than 90% of the generated energy
world-wide is consumed and wasted thermally [2]. In order to extract, purify, and
treat the water, energy in a form of heat is often required (e.g., thermal distillation
and multi-stage flashing desalination). For water purification with work (electrical
energy)-driven processes (e.g., reverse osmosis), most electricity produced world-wide
is generated from heat sources via heat engines. For electricity generation via solar-
photovoltaic, it is essentially a solid-state heat engine operated with a heat source
at -5800 K (temperature of the sun). On the other hand, water is used in various
energy production processes, such as Rankine cycle power plants which produces
electricity with phase-change and sensible cooling of water. In fact, -50% of fresh
water consumption is drawn for power generation cycles in the United States 11]. In
addition, vast amount of energy is available and wasted as a form of low-grade heat
around 100'C [3, 4, 51. Utilizing these low-grade heat sources for energy and water
applications can significantly reduce emissions of greenhouse gases and pollutants,
and mitigate global problems in energy and water security.
While we are expecting severe global problems in energy and water security in
the coming decades [61, two-thirds of the world's population is already experiencing
water shortages 17]. Mekonnen and Hoekstra [7] analyzed the global water scarcity
by estimating the regional monthly withdrawal of water and shown that nearly 4
billion people live in the regions that experience severe water scarcity at least 1
month of the year. This water scarcity is a particularly severe challenge in arid
and desert climates. Water in the form of vapor and droplets in the atmosphere,
estimated to be about 13 thousand trillion liters [8], is a natural resource that could
address the global water problem. However, harvesting this water by dewing, i.e.,
cooling air below the dew point and facilitating condensation, can be extremely energy
intensive and impractical, particularly when the relative humidity [RH, vapor pressure
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(Pap) over saturation vapor pressure (Psat)] is low (i.e., below -40%). In contrast,
porous materials, such as zeolites, silica gels, and metal-organic frameworks (MOFs),
can harvest water from air by adsorption over a wide range of humidity values 19,
10, 11], even under RHs below 40% where the state-of-art dewing is impractical
[121. Furthermore, thermally-driven adsorption-based AWGs can operated with low-
grade heat sources. High-efficiency adsorption-based water harvesting utilizing low-
grade heat sources will enable significant increases in distributed and portable water
generation and mitigate global water crisis.
In addition to needs for water, there are significant demands for energy in the form
of heating and cooling. While state-of-the-art energy storage systems are mainly based
on electrochemical technology [131, thermally-driven sorption-based thermal energy
storage systems can provide heating and cooling in buildings and transportation sec-
tors. Climate control in residential, industrial, and commercial buildings account
for more than 75% of the total energy utilization [141. The buildings sector alone
accounts for almost one-third of the global energy consumption [14]. Furthermore,
petroleum consumption in the transportation sector due to climate control is also
significant, posing global problems in oil security [15], and emission of greenhouse
gases and pollutants [16]. For mobile applications, compact, light-weight, and high
energy density climate control is desirable. The development of thermally-driven and
high energy density heating and cooling climate control will play a significant role in
addressing the aforementioned global issues.
In both atmospheric water harvesting and climate control applications, sorption-
based systems have several advantages over the conventional work-driven systems.
(i) Simple operation, unlike vapor compression cycles, sorption-based approaches
do not rely on compressor work and operates by adsorption and desorption driven
by chemical potential difference. (ii) Low-maintenance due to simplicity of op-
eration and lesser moving parts. (iii) Possible utilization of low-grade heat
sources, if the entire system is constrained to be low-grade heat-driven, the con-
ventional work-driven systems suffer from inherently low heat to work (electricity)
conversion efficiency. In this regard, sorption-based approaches provide superior ad-
vantages over the conventional systems. This thesis aims to contribute towards the
development of thermally-driven adsorption-based atmospheric water harvesting and
compact thermal energy storage technologies. To enhance the efficiency and compact-
ness, detailed computational and experimental studies were carried out to optimize
geometry of these systems for chosen adsorbents.
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1.2 Background: Adsorption and its applications
Adsorption phenomena occurs when a solid surface (adsorbent) is exposed to a fluid or
mixture of fluids (gas or liquid) known as adsorbate (at adsorbed state) or adsorptive
(at fluid state) [17]. It is defined as an increase in adsorbate concentration and density
at the interface, where interfacial area plays a crucial role. Typical adsorbents are
highly porous and have Brunauer-Emmett-Teller (BET) [181 surface area, typically
characterized with nitrogen or argon gas, greater than 100 m 2 g'. Hydrophilic zeolites
have BET surface area around 600 m 2 g-1 [19]. Recent MOFs exhibit BET surface area
range from 1,000 to 10,000 m2 g 1 [20], exceeding conventional adsorbents. Adsorption
is used in various applications, including desiccant/dehumidification and atmospheric
water harvesting (adsorption of vapor from air), catalysis (with high surface area of
porous adsorbents), gas separation and storage (selective gas adsorption and storage),
climate control (evaporation/adsorption-assisted cooling and heating), desalination
(evaporation/adsorption of seawater), and gas detection (selective gas adsorption and
sensing).
The adsorption process can be classified as (i) chemisorption and (ii) physisorp-
tion. Chemisorption process exhibits high interaction between the adsorbate and
adsorbent due to chemical bonding (e.g., hydrogen bond). Physisorption process has
weaker surface interaction and do not involve chemical bonding formation (e.g., van
der waals force). Physisorption is always exothermic where the energy release is higher
but the same order of magnitude as the condensation energy of adsorbate. For the
chemisorption, the energy change is on the same order of magnitude as energy change
in similar chemical reaction process. The process of returning the physisorbed species
in its original form is desorption and energy (heat, endothermic) is required to sepa-
rate the adsorbate and adsorbent. Because the desorption of the chemisorbed species
requires high energy (also usually high temperatures) or may not be recoverable,
physisorption is more widely applicable in adsorption-based applications. Physisorp-
tion is described as reversible and continuous pore filling within porous adsorbents.
Similar mechanism includes capillary condensation which occurs at relatively high
RH conditions and with pore size of adsorbent greater than the critical diameter of
adsorbate (see chapter 1.3.1).
The amount of adsorbed adsorbate depends on the pressure and temperature of an
adsorbate-adsorbent system [17]. Under the equilibrium pressure and temperature,
this characteristic is adsorption isotherm and is used to classify types of physisorbents.
Different types of adsorption isotherms are shown in figure 1-1. These adsorbents
can be used to capture and harvest water from air. However, type I adsorbents
(e.g., zeolites) require high regeneration temperature to release and condense water,
typically in excess of 200C. For the type II isotherm (e.g., silica gels), adsorbents
can only adsorb limited amount of vapor in low RH conditions. Meanwhile, type
IV and V (step-wise) isotherms can capture large amount of vapor from air as long
as the ambient RH is higher than the position of the adsorption step. Furthermore,
step-wise isotherm adsorbents can be regenerated at significantly lower temperatures
compared to the type I adsorbents. Due to the synthetic flexibility of MOF structures
(see chapter 1.3), MOFs can be tailored to exhibit the step-wise isotherm [9, 21, 22]
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which makes them an ideal candidate for the adsorption-based atmospheric water
harvesting.
For the climate control application, where both heating and cooling powers are
desired, the type I adsorbent is well-suited. This is due to the type I adsorbents
can adsorb large amount of adsorbate at low pressure (i.e., low cooling temperature)
and high adsorbent temperature (i.e., high heating temperature). Water is often
preferred as an adsorbate due to its high enthalpies of adsorption and evaporation
[23, 24], a promising combination for the high energy density thermal energy storage.
Typical type I zeolites have vapor adsorption capacity around 0.3-0.4 kg kg-1 [19, 24]
at RH below 1%. However, as stated above, the regeneration temperatures excess of
200'C is typically required [24, 25]. Based on aforementioned reasons, physisorptions
of water in MOFs (step-wise) and zeolites (type I) are investigated in this thesis
for the atmospheric water harvesting and storage-based climate control applications,
respectively.
E
CD
Relative pressure p p*
Figure 1-1: Types of vapor physisorption isotherms (amount adsorbed) as a
function of relative pressure (Pa,/Psat). Irreversible adsorption-desorption hys-
teresis due to capillary condensation are shown in II b, IV a, and V type isotherms.
Other types are classified as reversible (no hysteresis). This figure is from [17].
Reprinted with permission from Elsevier.
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1.3 Background: Metal-organic frameworks (MOFs)
Since the first discovery of metal-organic frameworks (MOFs), MOF-5 [26] and HKUST-
1 [271, great interest and research have strongly contributed to the development of
MOFs. They are a new class of porous material that can exhibit ultra high BET
surface area (1,000 to 10,000 m2 g 1 ) and porosity greater than 50% of MOF crystal
volume [20]. MOFs are made by linking metal clusters (secondary building units)
and organic linkers with strong bonds [20, 26, 28]. A few examples of inorganic
metal clusters (secondary building units) and organic linkers are shown in figure 1-2.
Due to the flexibility of cluster and linker combinations, more than 20,000 different
MOF structures has been reported within the past 10 years [20]. Several examples of
MOF structures are shown in figure 1-3. This figure also illustrates that the expan-
sion of MOF structures is possible with different organic linker combinations without
changing underlying topology. Due to this possibility of unique modification of MOF
structures, MOs can specifically designed to ideally fit various applications includ-
ing atmospheric water harvesting [21, 22]; climate control [29, 30, 31]; gas storage,
separation, and catalysis [20, 32, 33, 34]; and dehumidification [35].
1.3.1 Water adsorption in MOFs
This thesis examines water adsorption properties of MOFs for atmospheric water har-
vesting. There are three main mechanisms of water adsorption in porous adsorbents:
(i) water adsorption on metal clusters within MOF structures, (ii) reversible pore
filling, and (iii) irreversible capillary condensation [9]. Irreversible capillary conden-
sation leads to hysteresis loop in adsorption isotherm during adsorption and desorp-
tion processes (e.g., type IVa isotherm shown in figure 1-1). For designing MOs for
water adsorption, it is important to consider several aspects: hydrothermal stability,
hydrophilicity, and critical pore diameter. Studies [9, 36, 37, 38] have shown that
the critical pore diameter of MOFs around 2 nm revealed maximum internal volume
for water adsorption while avoiding irreversible capillary condensation. This critical
diameter, D., is given by the following equation: D, = 4uTc/(Tc - T) where -, Tc,
and T are van der Waals diameter and critical temperature of water, and adsorption
temperature, respectively. The precise control of the critical diameter and its depen-
dence in water adsorption are well illustrated in [36]. In this study, the initial pore
diameter of 2.2 nm MOF material (Co2 Cl 2 BTDD) reduces down to 2 nm upon initial
water adsorption leading to a record high reversible water uptake (-1 kg kg-1 ) at RH
around 30%. For adsorbents with pore diameter larger than 2 nm leads to capillary
condensation that have hysteresis loop.
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Figure 1-2: Examples of (A) inorganic secondary building units and
ganic linkers. This figure is from H. Furukawa et al. Science, 2013. [201. F
with permission from AAAS.
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Figure 1-3: Examples of MOF structures. MOFs based on (A) Zn 4 0(CO 2)6 clus-
ter with three different tritopic linkers, (B) Cu 2 (CO2 ) 4 cluster with three different
tritopic linkers, (C) Cu 2 (CO2 ) 4 cluster with three different hexatopic linkers, and
(D) Mg303(CO 2 )3 with three different tetratopic linkers. This figure illustrates that
expansion of MOF structures by factor of 2 to 17 with different organic linker com-
binations without changing its underlying topology. (A) qom, (B) tbo, (C) ntt, and
(D) etb topologies. Yellow and green spheres represent the largest sphere that can
fit within the MOF structures. This figure is from H. Furukawa et al. Science, 2013.
[201. Reprinted with permission from AAAS.
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1.4 Thesis outline
In chapter 1, the motivation of atmospheric water harvesting and thermal energy
storage, and the background and applications of adsorption and MOFs were discussed.
Chapter 2 investigates the characterization of adsorption enthalpy of various
adsorbent-water pairs (zeolite 13X, MgY zeolite [191, and metal-organic framework(MOF)-
801 [Zr 6O4 (OH) 4 (fumarate)6 ][21]) for water and energy applications. Combination of
state-of-art experimental techniques and thermodynamic modeling was used to char-
acterize the enthalpy of adsorption.
PART I: Adsorption-based atmospheric water harvesting
Chapter 3 investigates the experimental characterization and development of
theoretical framework of MOF-801-based atmospheric water harvesting device. The
framework developed in this chapter can be used as a guideline for the material selec-
tion, device design, and performance prediction of an adsorption-based atmospheric
water harvesting device.
Chapter 4 presents the demonstration of an optimized device based on MOF-801
in one of the driest region of the world (Tempe, Arizona, United States). New concept
of night-time passive radiative cooling during adsorption is introduced. Water quality
analysis, thermal analysis for passive operation, and further design consideration for
optimal operation are also discussed.
PART II: Adsorption-based storage-based climate control
Chapter 5 investigates the development of an adsorption-based thermophysical
battery for storage-based climate control using commercial zeolite 13X-water pair. A
proof-of-concept prototype was developed and tested to demonstrate the feasibility
of the concept.
Chapter 6, based on the findings discussed in chapter 5, the generation 2 ther-
mophysical prototype was constructed and tested. This prototype was designed to
integrate in an electric vehicle platform.
Chapter 7, the conclusions and contribution of this thesis, and recommendation
of future work are summarized.
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Chapter 2
Characterization of adsorption
enthalpy of novel water-stable zeolites
and metal-organic frameworks
Water adsorption is becoming increasingly important for many applications including
thermal energy storage, desalination, and water harvesting. To develop such applica-
tions, it is essential to understand both adsorbent-adsorbate and adsorbate-adsorbate
interactions, and also the energy required for adsorption/desorption processes of
porous material-adsorbate systems, such as zeolites and MOFs. In this chapter, we
present a technique to characterize the enthalpy of adsorption/desorption of zeolites
and MOF-801 with water as an adsorbate by conducting desorption experiments with
conventional differential scanning calorimetry (DSC) and thermogravimetric analyzer
(TGA). With this method, the enthalpies of adsorption of previously uncharacterized
adsorbents were estimated as a function of both uptake and temperature. Our char-
acterizations indicate that the adsorption enthalpies of type I zeolites can increase
to greater than twice the latent heat whereas adsorption enthalpies of MOF-801 are
nearly constant for a wide range of vapor uptakes.
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2.1 Introduction and Clausius-Clapeyron relation
Estimation of the adsorption enthalpy is essential for many applications including ad-
sorption heating and cooling [25, 29, 39, 40, 41], adsorption desalination [42, 43, 441,
and gas separation and storage systems with adsorbents [45, 46, 47]. The adsorption
enthalpy is an important parameter for modeling such systems efficiently because it
dictates the energy required to operate, or the energy densities of, these systems.
Due to the high enthalpy of adsorption and evaporation/condensation, and its zero
global warming potential, various adsorbent-water systems have received significant
attention for adsorption heating and cooling applications, as the average enthalpy of
adsorption is typically higher than the latent heat of evaporation [231. In addition,
water capture by adsorption at low relative humidity can deliver fresh water without
the use of electric power (chapter 3). The average enthalpy of adsorption is found
to increase with adsorbents with type I behavior compared to other types [17, 23],
with higher affinity to water molecules. The most studied hydrophilic adsorbents are
zeolites, but recently developed metal-organic frameworks (MOFs) also have strong
hydrophilic properties with stable cyclic hydrothermal performance [9, 21, 221. The
enthalpy of adsorption is most commonly estimated in either of the two following
ways: estimation of the isosteric enthalpy of adsorption and direct calorimetric mea-
surements with the use of the Tian-Calvet calorimeter [17]. The isosteric enthalpy
of adsorption is a thermodynamic relation derived from the adsorption equilibrium
measured at different temperatures with constant uptake, also known as the Clausius-
Clapeyron relation, given by
Ahisos = R (2.1)
(d (-I)
where Ahiso,, R, P, T, and w represent the isosteric enthalpy of adsorption, universal
gas constant, pressure, temperature, and vapor uptake, respectively. The isosteric
enthalpy of adsorption is obtained as a function of the uptake by using equation 2.1
and adsorption isotherms measured across a wide temperature range, as shown in
figure 2-1 A. This was carried out for the MOF-801 [21] and water pair with a linear
interpolation method, as shown in figure 2-1 B. To use equation 2.1, we must assume
ideal gas behavior in the gaseous phase, negligible volume of the adsorbed species in
comparison to the gaseous phase, reversible physisorption, inertness of the adsorbent,
and that thermodynamic equilibrium was reached. Adsorbents used in this study are
considered to be physisorbents [9, 19, 21]. Since previous studies have also shown good
agreement between the isosteric method and calorimetric measurements, for N2 and
02 adsorbates with zeolite CaA, and C02 adsorbate with zeolite 13X pairs [48], the
isosteric method is often used to characterize the differential energy for the adsorption
process [21, 49, 50]. However, as with many hydrophilic adsorbents, the separation
between different temperature isotherms at low relative pressures (P/Psat,absolute
pressure over saturation pressure) is minimal, making them challenging to discern
due to experimental resolution and uncertainty limitations (see figure 2-1 (A) for 13X
and MgY zeolites [19, 24]). As such, vapor adsorption capacity obtained for 13X and
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MgY zeolites were 24.6wt.% (kg of water per kg of adsorbent in weight percent) and
28.4wt.% at 1% relative pressure at 25"C, an absolute pressure near 30 Pa, shown in
figure 2-1 A, respectively. Consequently, the isosteric method is highly sensitive to
the resolution of adsorption isotherms and the interpolation techniques [51], making
calorimetric methods more suitable. However, the calorimetric method to measure
the differential and the integral enthalpy of adsorption (the latter using an average
enthalpy between a state 1 to 2 [17]) requires specialized equipment [17], which is not
widely available in academic and industrial facilities. In this chapter, we present a
new experimental technique and thermodynamic model using conventional differential
scanning calorimetry (DSC) and thermogravimetric analyzer (TGA) systems that can
be used to characterize the enthalpy of adsorption. With this method, we obtained
the enthalpy of adsorption of water vapor for novel adsorbents, such as MgY zeolite
[19] and MOF-801 [21], which can be used in a wide range of applications, including
thermal energy storage, climate control, and water purification.
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Figure 2-1: Adsorption isotherms and isosteric enthalpy of adsorption. (A)
Adsorption isotherms (vapor uptake in weight percent vs. relative pressure, absolute
pressure normalized by saturation pressure) of 13X and MgY zeolites, and MOF-801
with water pairs characterized with dynamic vapor sorption analyzer (DVS Vacuum,
Surface Measurement Systems Ltd., London, UK). Adsorbents were regenerated with
high vacuum (< iPa) with a temperature greater than 100*C (B) Isosteric enthalpy
of adsorption calculated using equation 2.1 and isotherms shown in (A) for MOF-801
and water pair with the linear interpolation method.
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2.2 DSC and TGA experiments
The adsorbents used in this study are 13X (molecular sieves 13X, powder, -2 [Lm avg.
part. size, Sigma Aldrich) and MgY zeolites, and MOF-801. Partially saturated ad-
sorbents at 60% relative humidity produced by mixture of nitrogen gas and deionized
water vapor were prepared in a vapor sorption analyzer (Q5000SA, TA Instruments),
and tested in a DSC (Discovery DSC, TA Instruments) and a TGA (Discovery TGA,
TA Instruments) with various temperature ramp rates. Zeolite samples were heated
up to 500'C and MOF-801 samples were heated up to 115C, and temperature ramps
were repeated twice during each experiments: the first for desorption heat transfer
and the second for sensible heat transfer. With the DSC and TGA results, we de-
fined the end of the first ramp as a dry state where no water is adsorbed in the
adsorbents. Experimental data obtained from the DSC and TGA experiments with
partially saturated adsorbents are shown in figure 2-2 for 13X and MgY zeolites, and
MOF-801. As shown in figure 2-2 (A), the first ramps (ramp 1) have distinctly higher
heat flow rates associated with latent heat compared to the second ramps (ramp 2),
which were associated with sensible heat. This is expected, since the vapor desorption
was carried out during the first ramp, while only the sensible heat of dry adsorbents
was responsible for heat flow during the second ramp. Desorption due to heating was
observed up to around 350*C for zeolites and 100'C for MOF-801, which was observed
both with DSC and TGA. The change in mass during the desorption processes (ramp
1) and the second ramp (ramp 2) was monitored with the TGA, as shown in figure
2-2 (B). From the TGA results, the vapor uptake was evaluated with the amount of
mass reduced; 13X, MgY and MOF-801 were partially saturated with 31-32, 35-36,
and 19-20 wt.% of water vapor, respectively. These uptake measurements were found
consistent over multiple runs, as shown in figures 2-1 and 2-3. The amount of nitro-
gen adsorbed at these operating conditions was also found to be negligible with the
TGA, as shown in figure 2-2 (B). Measurements were repeated for 3 to 5 times in
each experimental condition to obtain a 95% confidence interval from the standard
error method [52, 53].
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Figure 2-2: (A) DSC and (B) TGA results of 13X and MgY zeolites, and
MOF-801 with water pairs. Data shown in this plot is obtained with 1"C min-1
temperature ramp. Weights of saturated samples used in DSC experiments are 5.84
mg, 4.56 mg, and 9.37 mg for 13X, MgY, and MOF-801, respectively. Magnitude of
heat flow is not important in DSC measurements as only relative heat flow between
ramps 1 and 2 is considered in the calculation [24].
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Figure 2-3: TGA results of 13X and MgY zeolites, and MOF-801 at various
ramp rates Only the first ramp is shown [24].
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2.3 Thermodynamic modeling
We used thermodynamic analysis with the DSC and TGA measurements to deter-
mine the integral enthalpy of adsorption. In the analysis, it was assumed that the
desorption kinetics in both DSC and TGA experiments are identical, assuming intra-
crystalline vapor transport characteristics within adsorbent crystals in the DSC and
TGA experiments are identical, and negligible pressure drop across the DSC pans
due to purging flow rate. A thermodynamic analysis was carried out using the DSC
crucibles as the control volume (CV) and applying the simplified 1st Law of Thermo-
dynamics for an open system [24], given by
dEcv = dQ + hvapor - dmads (2.2)
Only the heat transfer interaction, dQ, monitored between the CV and DSC, and the
vapor enthalpy flow are shown in equation 2.2, where the change in adsorbed phase
mass, dmads , was monitored with the TGA. Ecv and hvapor are the total energy
within the CV and vapor enthalpy, respectively.
The overall integral enthalpy of adsorption is calculated by constructing a simple
thermodynamic cycle, where an adsorbent undergoes desorption (process a-b), cool-
down (process b-c), and adsorption (process c-a), as represented in figure 2-4 A. In
this approach, we consider only the heat transfer and the enthalpy flow between the
environment and the CV. Processes a-b and b-c were characterized experimentally
with the DSC and TGA, and process c-a is obtained by applying the 1st Law to
the entire thermodynamic cycle a-b-c-a. The integral form of equation 2.2 for the
desorption process, a-b, is
jb b jb
dEcv = dQ + hvapor - dmads (2.3)
where both the heat transfer interaction and the change in adsorbed phase mass were
monitored with the DSC and TGA, respectively. Similarly for the cool-down process,
jdEcv = dQ (2.4)
Heat transfer during the process is monitored with the DSC ramp 2. The 1st Law
for the entire cycle is,
f Ecv = dEcv + f dEcv + fdEcV= 0 (2.5)
where the total change in energy during the cycle should sum to zero by definition of
the 1st Law. Combining equations 2.2 through 2.5 and rearranging for process c-a,
the change in the energy within the CV during the physisorption process is
ja dEcv = - dEcv + j dEcv) (2.6)
C a b
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The change in internal energy of the CV during the isothermal process c-a is composed
of both adsorbent and adsorbed vapor. However, the change in energy for the inert
adsorbent is zero during the constant temperature process. For an isobaric process,
dH = dU +pdV, where H and U are the enthalpy and internal energy, respectively. If
the enthalpy of adsorption is on the same order as the latent heat of vaporization and
the specific volume of the adsorbed vapor is on the same order as the liquid water,
the specific integral enthalpy of adsorption, Ahie,, at the initial temperature for the
DSC and TGA experiments is then
1 J
Ahads = hvapor -b dEcv (2.7)
Mads(a-+b) JC
where hvapor is the enthalpy of the vapor at room temperature (initial temperature of
the DSC and TGA experiments) and mads(a-b) is the amount of the vapor desorbed
during the process a-b. Deltahad, calculated using equation 2.7 for zeolite 13X-
water pair was 3852 87 kJ/kgwater, averaged over 31-32 wt.% vapor uptake. For
MgY zeolite and MOF-801, the values were 3985 t 150 kJ/kgater (averaged over
35-36wt.% vapor uptake) and 2960 t 39 kJ/kgwater (averaged over 19-20wt.% vapor
uptake), respectively. Errors reported herein are 95% confidence interval based on
the standard error of characterized specific integral enthalpies of adsorption from the
two different ramp rates. These values are equivalent to the average energy densities
for the given adsorbent-adsorbate system, presented in figure 2-5 A, which agrees well
with direct calorimetric measurements (section 2.4).
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Figure 2-4: Thermodynamic cycle plotted in uptake vs. temperature. (a)
Thermodynamic cycle representing an adsorbent undergoing desorption (process a
to b), cooling down (process b to c), adsorption (process c to a) processes between
temperatures T and Tc. (B) to (D): Subcycles within the cycle shown in (A) with
various evaluation temperatures, Teva. Path 1 to 2 (desorption) is carried out with
DSC and TGA experiments [24].
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of adsorption. (A) integral adsorption
as function of vapor uptake, using Eqns
and MOF-801 with water pairs at 30 C.
Integral enthalpies are averaged over 31-32 wt.%, 35-36 wt.%, and 19-20 wt.% vapor
uptakes for 13X and MgY zeolites, and MOF-801, respectively. Errors reported herein
are 95% confidence interval estimated from calculated adsorption enthalpies from all
measurements [52, 53]. Previous calorimetric study of 13X (open black square [54])
and isosteric enthalpy of MOF-801 (open red triangle) from figure 2-1 B are also
shown. (Latent heat of evaporation of water, hfg, at 30"C is 2430 kJ/kg).
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2.3.1 Enthalpy of adsorption as function of uptake
We continue this analysis to estimate the enthalpy of adsorption as a function of
uptake. Integration of equation 2.2 between two temperatures, T and T2, for the
desorption process, we obtain the following,
(madsuads)T2 - (madsuaads)T1 + (U 2 - U1)adsorbent = Q12 + j hvapor - das- dT (2.8)
where mads is the mass of the adsorbed vapor and nads Uref - cv,adsT is the internal
energy of the adsorbed vapor, Uref is the internal energy at the reference state, and
Cv,ads is the specific heat of the adsorbed vapor at constant volume. The change in the
internal energy of the solid adsorbent, (U 2 - U1)adsorbent, is represented in equation
2.4. If a linear temperature dependence of the internal energy of the adsorbed vapor
is assumed (or if the internal energy is nearly constant) between T and T2 , equation
2.8 can be represented as
2 dmnads
Uads1,2 (mads,T2 - mads,T1) + (U2 - U1)adsorbent Q12 + 2 hvapor dT
with the accuracy of this equation improving with smaller temperature differences.
The specific internal energy of the adsorbed vapor, Uadsl,2, between T and T2 is a
both temperature- and uptake-dependent property, and the enthalpy change from the
adsorbed vapor to the vapor state is then
Ahads = hvapor - (Uads,avg + PVads) (2.10)
If the specific volume of the adsorbed vapor, Vads, is assumed to be the liquid water
and Deltahads is assumed to be on the same order as the latent heat of vaporization.
Then PVads is approximately 10' of Ahads. With 0.01% uncertainty, we can express
a simplified equation 2.10 as
Ahads = hvapor - Uads,avg (2.11)
where Ahads is both the temperature- and uptake-dependent property.
To estimate Ahads as a function of the uptake at constant temperatures, the
thermodynamic cycle shown in figure 2-4 A is represented with smaller cycles, as
shown in figure 2-4 B-D, by choosing a temperature interval, T and T2 . Performing
energy balances around the represented cycle and in the process 1 to 2, applying the
1st Law, gives
j2dEcv j dQ + j hvapor - dmads (2.12)
For the processes 2 to 3 and 4 to 1, we have,
3
dEcy = (U - U)asorbent -+ Mads2 (Uados -- Uads2) (2.13)
2
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j dEcv = (U1 - U4)adsorbent + madsl (Uadsl - Uads4) (2.14)
where the changes in the internal energy of the solid adsorbent, (U3 - U2)adsorbent and
(U1 - U4)adsorbent, are known from the DSC measurements during ramp 2, equivalent
to the sensible heat transfer. The mass of the adsorbed vapor within the CV is mads.
The changes in the internal energy of adsorbed vapor during the processes 2 to 3
and 4 to 1, Uads3 - Uads2 and Uadsl - Uads4, are unknowns. For the process 3 to 4, an
adsorption process, we have the 1st Law as shown in equation 2.15,
j4dEcv = madsl -Uads4 - mads2 * Uads3 (2.15)
3
If the linear behavior of the internal energy of the adsorbed vapor between states 3
to 4 is assumed, equation 2.15 can be simplified as
dEcv . Uads3,4 (mads4 - mads3) (2.16)
where Uads3,4 is the specific integral energy of adsorbed vapor between states 3 and 4,
evaluated at the constant temperature, Teva. Since the net change in internal energy
during a cycle is zero, by combining equations from 2.12 to 2.16, Uads3,4 is
1 / f hvapor - dmads + (U3 - U2)adsorbent
Uads3,4 - +mads2 (Uads3 - Uads2) + (U1 - U4)a(so2.e
mnads4 
- mads3 +madsl (Uadsl 
- Uads4)
In equation 2.17, the only unknown parameter on the right-hand side is the internal
energy of the adsorbed vapor. However, if the internal energy of the adsorbed vapor
is assumed to match the saturated liquid water [55, 561, we can estimate the enthalpy
of adsorption as a function of the uptake, using equation 2.17 as shown in figure 2-5
B for 13X and MgY zeolites, and MOF-801 at 30C. The good agreement between
the characterized enthalpy of adsorption for zeolite 13X with the previous direct
calorimetric study [54] justifies this assumption. The temperature intervals used for
the calculations are 15*C for zeolites and 5YC for MOF-801.
With the described model, estimating the enthalpy of adsorption at various tem-
peratures by varying the evaluation temperature, Teva, is possible, as shown in figure
2-4. Adsorption enthalpies evaluated at various temperatures for 13X and MgY zeo-
lites, and MOF-801 are also obtained, as shown in figure 2-6.
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Figure 2-6: Enthalpies of adsorption as function of vapor uptake at various
temperatures for (A) 13X and (B) MgY zeolites, and (C) MOF-801 calculated
using model present in figure 2-4. Errors reported herein are 95% confidence interval
estimated from calculated adsorption enthalpies from all measurements [52, 531.
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2.4 Direct calorimetric measurements of 13X and
MgY zeolites
To validate the overall enthalpies of adsorption calculated using equation 2.7, direct
calorimetric measurements of 13X and MgY zeolites were carried out. Samples (25 x
25 x 2 mm) were fabricated with known dehydrated weights with thermally conductive
copper foams (100 ppi copper foam, Shanghai Winfay Metal & Plastic Manufactur-
ing Co., Ltd) by immersing the foam in a liquid water and zeolite mixture for ~5
hours. Fabricated samples were interfaced with a heat flux sensor (HFS-4, OMEGA
engineering) with a thermally conductive pad (A15896-02, Laird Technologies) inside
a vacuum environmental chamber system.9 Samples were dehydrated at high vacuum
(-I1 Pa) at temperature around 110'C prior to the measurements. After the des-
orption process, degassed vapor was introduced inside the chamber maintaining the
chamber pressure around 2500 Pa with the sample temperatures maintaining around
22"C using a base plate interfaced with coolant lines. Relative pressure during the
measurements was roughly 94% by knowing the pressure inside the chamber and the
sample temperature. The enthalpy of adsorption was calculated by applying the first
law around the sample, given by
Ahads = QHFS (2.18)
mads
where QHFS is the total thermal energy [kJ] measured by the heat flux sensor during
the experiments and is negative value by the direction of heat transfer from the
sample to the sensor. Amount of adsorbed vapor, mads [kgj, was estimated with
the relative pressure at the end of the heat flux measurements using the adsorption
isotherms shown in figure 2-1. Heat losses during the experiments were found to
be negligible by comparing the conduction and convection thermal resistances. The
thermal conductivity of the samples were on the order of 1 W/mK and assuming
the convection heat transfer coefficient to be on the order of 10 W/m 2K, thermal
resistance ratio of the conduction and convection heat transfers are on the order of
10-2, allowing us to neglect the convective losses during the experiments. Directly
measured overall enthalpies of adsorption for 13X and MgY zeolites were 3808
398 kJ/kgwater (averaged over 32-34wt.% vapor uptake) and 4041 452 kJ/kgwater
(averaged over 38-40wt.% vapor uptake), respectively. These measurements agree
well with the indirect DSC and TGA measurements (figure 2-5).
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2.5 Summary and discussion
The specific integral enthalpies of adsorption with vapor for 13X and MgY zeolites
and MOF-801 were estimated by the proposed technique at various temperatures. As
expected, type I zeolites have a higher average enthalpy of adsorption compared to
MOF-801. Zeolites have a steep increase in the adsorption energy, greater than twice
the latent heat, near the low uptake region, below 5wt.%. In contrast, MOF-801 has a
nearly constant enthalpy of adsorption over a wide range of vapor uptakes, as evident
in figure 2-5 B. For comparison, the isosteric enthalpy of adsorption for a MOF-801
and water pair, as shown in figure 2-1 B, is overlaid in the same figure, showing good
agreement with the results obtained by our approach.
One of the assumptions to calculate the enthalpy of adsorption using equation
2.17 is the internal energy of the adsorbed vapor being equal to the saturated liquid
water. Sensitivity analysis was carried out by varying the internal energy of adsorbed
vapor from being equal to the saturated liquid water and saturated vapor. This was
performed by varying the adsorbed vapor-specific heat at constant volume, cv,ads,
as du = cv,ad, - dT. The ice phase has a specific heat between the liquid phase
and the vapor phase; therefore, this analysis provides the bounds covering all three
phases and is plotted in figure 2-7. Variations in adsorption enthalpies by choosing
different internal energies is 10-20% for zeolites and minor for MOF-801 in the initial
loading regime, this is in fact, our model uses the difference in internal energies
between two states, the state at the evaluation temperature and the state at the
actual desorption temperature. Internal energy of saturated vapor decreases beyond
about 200'C while the internal energy of liquid water continues to rise. Therefore,
this variation in adsorption enthalpies becomes larger for adsorbents heated up to
higher temperatures. For the purpose of characterizing the enthalpy of adsorption as
a function of the uptake accurately, characterizing the specific heat/internal energy of
the adsorbed vapor indeed requires using our proposed approach. However, estimating
the adsorption energy as a function of the uptake and temperature is also possible with
reasonable accuracy using this approach. Likewise, calculating the overall specific
integral enthalpy of adsorption using equation 2.7 does not require knowledge of the
specific heat, as discussed in this paper, which also matches well with the direct
calorimetric measurements (section 2.4).
With the present model, the adsorption enthalpies as a function of the vapor
uptake at various temperatures were evaluated, as shown in figure 2-6. Temperatures
of 30C, 100 0C, and 200'C were used for zeolites, and 30'C and 100C for MOF-801.
Note that it is not necessary for these adsorbents to have the same vapor uptakes at
the elevated temperatures. The calculated enthalpy variations due to the temperature
elevations are based on the variations observed from the latent heat as a function of
temperature. By preparing the partially saturated adsorbent samples with higher
vapor uptakes, characterizing the adsorption enthalpies in a wider range of uptake
is possible. Higher resolution and accuracy of the proposed technique can also be
achieved using a DSC-TGA combined instrument. As water adsorption promises
to become an important field of scientific research, the thermodynamic model and
method presented in this work will serve as an important technique to characterize
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one of the most essential properties, enthalpy of adsorption, of various adsorbent-
adsorbate systems.
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Figure 2-7: Enthalpy of adsorption as a function of uptake calculated using
equation 2.17 by varying internal energy of adsorbed vapor at 30 0C. Errors reported
herein are 95% confidence interval estimated from calculated adsorption enthalpies
from all measurements [52, 53].
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Chapter 3
Adsorption-based atmospheric water
harvesting: Laboratory, theoretical,
and proof-of-concept investigation
Atmospheric water is a resource equivalent to ~10% of all fresh water in lakes on
Earth. However, an efficient process for capturing and delivering water from air,
especially at low humidity levels (down to 20%), has not been developed. In this
chapter, we discuss the design and demonstration of a device based on a porous MOF-
801 [Zr6 O4 (OH) 4 (fumarate)6 j that captures water from the atmosphere at ambient
conditions by using low-grade heat from natural sunlight at a flux of less than 1 sun
(1 kilowatt per square meter). We predicted that this device is capable of harvesting
2.8 liters of water per kilogram of MOF daily at relative humidity levels as low as
20% and requires no additional input of energy.
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3.1 Background: Atmospheric water harvesting
State-of-art atmospheric water generators (AWGs) are based on (i) dewing-based
refrigeration or with (ii) sorption-based atmospheric water capture. In order
to compare these two technologies, first, let us assume the entire system is con-
strained to driven by a same energy source. Solar energy, either solar-thermal or
solar-photovoltaic (PV), is suitable option as this energy source offers off-grid power
generation and is always available throughout a year on Earth. The operational
efficiency of solar-driven AWGs can be expressed with the thermal efficiency as
'thermal - hf (31)
Qprim ary
In equation 3.1, mm, hfg, and Qprimary are harvested water, latent heat of vaporization,
and primary energy input, respectively. For refrigeration-based AWGs, assuming PV
efficiency of 20% and using first-order wet coil/dry coil methodology [57], we can esti-
mate the thermal efficiency dependence on ambient RH and temperatures, as shown
in Figure 3-1. Several assumptions made in this first-order estimate are a compact
fin-tube cross flow heat exchanger with 100% fin efficiency operating with a cooling
coefficient of performance (COP) of 5 and a refrigeration temperature of 2*C. As il-
lustrated, the thermal efficiencies of refrigeration-based AWGs can change by orders
of magnitude at different operating conditions and ultimately leads to a regime, at
low ambient RH and temperature, where practical operation is not possible. This is
due to the minimum possible refrigeration temperature as well as the performance
of auxiliary components (e.g., heat exchangers) for a given system. More compre-
hensive analysis[12, 58] showed similar efficiency dependence as shown in Figure 3-1
and suggested that operations of refrigeration-based AWGs at ambient dew-point
of below 6-7"C is infeasible for their chosen system configuration with refrigeration
temperature of 1*C. While freezing water out of dry air is thermodynamically pos-
sible, this approach is practically infeasible as axillary components are not designed
to operate at such conditions. Thus, the ambient dew-point is an important factor
which additionally limits the operation of RAWGs in arid regions [59]. While the
refrigeration-based AWGs are viable options to harvest sufficient amount of water at
relatively high humidity areas, as shown in Figure 3-1, practical operation is infeasible
in regions with low humidities (i.e., less than 40% RH). Therefore, implementation of
refrigeration-based AWGs is impractical in arid climates with low dew-points or RHs
[59].
Meanwhile, thermally-driven sorption-based AWGs[22, 60, 61] can operate in these
conditions where operation of refrigeration-based approach is impractical. Conse-
quently, can take advantage of low-grade heat sources such as solar-thermal. How-
ever, conventional sorbents, e.g., zeolites and silica gel, suffer from either low uptake
of water or high energy consumption for its release[22]. As a results, thermal efficiency
of sorption-based approach is inherently low and not competitive with refrigeration-
based AWGs at high humidity regimes. Alternative to the conventional sorbents,
metal-organic frameworks (MOFs) are highly promising option for atmospheric water
harvesting due to their high water uptake and low regeneration temperature require-
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Figure 3-1: First-order performance estimate of an RAWG at different op-
erating conditions with wet-coil/dry-coil analysis. (A) First-order thermal
efficiencies of an RAWG at various operating conditions (ambient temperatures and
RHs). A compact heat exchanger from [57] [finned circular tube surface 8.0-3/8T
with fin thickness of 0.33 mm and pitch of 3.18 mm, and frontal width and height
of heat exchanger are 0.2 m and 0.26 m, respectively] was adopted with an assump-
tion of 100% fin efficiency. Chilled water was assumed to be supplied at 2'C with
a flow rate of 0.25 kg s-1 and pump efficiency (qpump) of 50% [consuming -60 W
of electricity (Wpump)] The air speed was fixed at 1.3 m s4 with a blower efficiency
(lqfan) of 75% [negligible power consumption (Wfan)I. The entire system was assumed
to be photovoltaic-driven with conversion efficiency (CONV) of 20% and a cooling
coefficient of performance (COP) of 5. Thermal efficiency of the chosen system was
evaluated as lthermal = mwater'hfg -CONV/ (Qcooling/COP+ Wpump/77pump + Wfan/7fan),
where mwater, hfg, and Qcooiing are harvested/condensed water, latent heat, and cooling
power provided by the refrigeration cycle, respectively. Each line represents the esti-
mated efficiency at different ambient temperatures. (B) Qualitative operating regime
map of RAWGs based on the first-order analysis shown in (A) plotted on a psychro-
metric chart. Unshaded regions represent conditions where operation of RAWGs are
infeasible. Note that sorption-based AWGs can operate across all regimes shown in
this plot.
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3.2 Characteristics and working principles of MOFs
for atmospheric water harvesting
Porous materials, such as zeolites, silica gels, and MOFs, can harvest water from air
by adsorption over a wide range of humidity values [9, 10, 11]. However, conventional
adsorbents (e.g., zeolites and silica gels) suffer from either low uptake of water or
requiring high energy consumption to release water. Although MOFs have already
been considered in numerous applications - including gas storage, separation, and
catalysis [32, 33, 62]; heat pumps [30, 31]; and dehumidification [351 - the use of
MOFs for water harvesting has only recently been proposed [21]. The flexibility
[20, 63, 641 with which MOFs can be made and modified at the molecular level,
coupled with their ultrahigh porosity, makes them ideally suited for overcoming the
challenges mentioned above.
A critical step is the release of water from the MOF, for which we applied a low-
grade heat-driven [2, 4] vapor-desorption process. Solar energy is particularly promis-
ing because sunlight is often abundant in arid regions with low RH (>7 kilowatt-hours
m-2 day-1 , equivalent to 7 hours of 1 sun per day) where water resources are limited and
where a natural diurnal temperature swing thermally assists the process (adsorption
of water during the cooler night and release during the warmer day). This strategy
is much more energy-efficient compared with refrigeration-based dew-harvesting sys-
tems because heat is directly used for desorption. The amount of water that can be
harvested with MOFs can be much greater than with dew-harvesting systems, which
become impractical at RHs less than -40% (chapter 1).
To use MOFs to harvest water with maximum yield and minimal energy con-
sumption, an isotherm with a steep increase in water uptake within a narrow range
of RH is desired, which enables maximum regeneration with minimal temperature
increase. Recent MOFs have exhibited such sorption characteristics (figure 3-2 A).
In particular, MOF-801 is suitable for regions where RH is merely 20% (e.g., North
Africa), and UiO-66 [21, 651 is suitable for regions with -40% RH (e.g., northern
India). We harvested water with MOF-801 and natural sunlight at <1 sun in an
environment at regeneration temperatures of -65*C. Once water vapor adsorbed into
the MOF, solar energy was used to release the adsorbate. Water was then harvested
using a condenser maintained at temperatures near that of the surrounding environ-
ment. For MOF-801, a temperature swing between 25"and 65'C can harvest more
than 0.25 liters kg-1 at >0.6 kPa vapor pressure (20% RH at 250 C; figure 3-2 B). This
water-harvesting strategy is completely passive, relying only on the high water up-
take capacity, low-grade heat requirement for desorption, and ambient temperatures
to condense and collect the water (figure 3-2 C).
For our approach, MOF-801 has several advantages: (i) well-studied water-adsorption
behavior on a molecular level, (ii) good performance driven by aggregation of water
molecules into clusters within the pores of the MOF, (iii) exceptional stability and
recycling, and (iv) constituents that are widely available and low-cost. It is composed
of 12-connected Zr-based clusters [Zr 6 O 4 (OH) 4 (-COO)12 1 joined by fumarate linkers
into a three-dimensional, extended porous framework of face-centered cubic topology.
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The structure of MOF-801 contains three symmetrically independent cavities into
which water molecules can be captured and concentrated (figure 3-2 D).
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Figure 3-2: Working principle of water harvesting with MOFs. (A) Water-
adsorption isotherms of Zr-based MOFs (MOF-801, MOF-841, UiO-66, and PIZOF-2)
at 250C, showing a rapid increase in adsorption capacities (in kilograms of water per
kilogram of MOF) with a relatively small change in the relative humidity (RH) (PP,--
vapor pressure over saturation pressure) (10). The background color map shows the
minimum difference between the temperatures of the ambient air (Tamb) and the con-
denser (Tde) required for dew collection with active cooling. (B) Water-adsorption
isotherms of MOF-801, measured at 25 0and 650C, illustrating that the temperature
swing can harvest greater than 0.25 kg kg-1 at >0.6 kPa vapor pressure (20% RH at
25'C). (C) A MOF water-harvesting system, composed of a MOF layer and a con-
denser, undergoing solar-assisted water-harvesting and adsorption processes. During
water harvesting (left), the desorbed vapor is condensed at the ambient temperature
and delivered through a passive heat sink, requiring no additional energy input. Dur-
ing water capture, the vapor is adsorbed on the MOF layer, transferring the heat
to the ambient surroundings (right). Ads. and cond., adsorption and condensation,
respectively. (D) Zr6 o4(OH) 4 (-COO)1 2 secondary building units are linked together
with fumarates to form MOF-801. The large yellow, orange, and green spheres are
three different pores. Black, C; red, 0; blue polyhedra, Zr.
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3.3 Synthesis and characterization of MOF-801
3.3.1 Synthesis of MOF-801
In a 500 mL screw-capped jar, 5.8 g (50 mmol) of fumaric acid (Fluka, 99%) and 16
g (50 mmol) of ZrOCl 2-8H20 (Alfa Aesar, 98%) were dissolved in a mixed solvent
of DMF and formic acid (200 mL and 70 mL, respectively). The mixture was then
heated in an isothermal oven at 130"C for 6 hours to give as-prepared MOF-801 as
white precipitate. The precipitate from three reaction jars was collected by filtration
apparatus using a membrane filter (45 pm pore size), washed three times with 100
mL DMF, three times 100 mL methanol, and dried in air. Air-dried MOF sample
was transferred to a vacuum chamber. The chamber was first evacuated at room
temperature for 5 hours until the pressure dropped below 1 kPa. After that, the
sample was heated in vacuum at 70"C for 12 hours, and then at 150'C for another 48
hours. This finally gave activated MOF-801 as a white powder (yield: 30 g).
Low-pressure gas (N 2 and Ar) adsorption isotherms (figure 3-3) were measured
using volumetric gas adsorption analyzer (Autosorb-1, Quantachrome). Liquid nitro-
gen and argon baths were used for the measurements at 77 and 87 K, respectively.
The powdered particle density (pp) of activated MOF-801 was estimated to be 1400
20 kg m-3 from the pycnometer (Ultrapyc 1200e, Quantachrome) (skeletal density
Ps= 2.6991 g cm-3) and BET pore volume measurements (Vp = 0.3425 cm-3 g) using
the following equation: pp =1/(Vp+1/p,). Note that 2 different batches of MOF-
801 is used for this study with slightly different sorption and physical characteristics.
For the laboratory and proof-of-concept experiments in this chapter, the powdered
particle density is 1200 60 kg m-3 . In this particle density characterization, pore
volume from [21] is used with independent skeletal density measurement. For the
optimized device demonstration in Tempe, Arizona, United States, the powdered
particle density is 1400 20 kg m-3 (chapter 4).
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Figure 3-3: N 2 (red) and Ar (blue) isotherms of MOF-801 at 77 K and 87 K as
functions of relative pressure, respectively. Courtesy of E.A. Kapustin of University
of California at Berkeley.
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3.3.2 Hydrothermal stability of MOF-801
Hydrothermal stability of adsorbents is one of the most crucial aspects for any
adsorption-based energy systems using water. We investigated the hydrothermal
stability of MOF-801. The amount of harvested water was -0.24 L kg-1 for MOF-801
(figure 3-4 A) from the first water harvesting cycle (see chapter 3.5.2 for water har-
vesting laboratory experiments). After the first cycle, the amount of harvested water
decreased by -10%, then remained approximately constant for the subsequent cycles.
This was also observed with the powdered MOF-801 characterized using the adsorp-
tion analyzer, as shown in figure 3-4 A. The adsorption and desorption conditions
were 35*C and 1.2 kPa, and 85'C and 1.2 kPa, respectively. The x-ray diffraction
(X'Pert PRO MRD, PANalytical) patterns of MOF-801, with Cu K radiation, before
and after 10 adsorption-desorption cycles are shown in figure 3-4 B, indicate that the
crystallinity of MOF-801 remained intact after 10 cycles.
A 0.30 MOF-801 B- MOF-801 (0 cycle)
0- - MOF-801 (DVS) MOF-801 (10 cycle)
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Figure 3-4: Experimentally characterized harvested water from multiple
water harvesting cycles using MOF-801. (A) Amount of harvested water from
the first five water harvesting cycles with a simulated solar flux of 1 kW m-2 (blue
circles). Amount of harvested water of powdered MOF-801 characterized with the
adsorption analyzer at 35*C and 1.2 kPa for adsorption, and 850C and 1.2 kPa for
desorption (red circles) averaged over three different runs with error bar representing
SD. (B) XRD patterns of MOF-801 before and after 10 adsorption-desorption
cycles.
The hydrothermal stability of MOF-801 over 80 adsorption-desorption cycles un-
der flow of nitrogen-vapor mixture at -30% relative humidity (at room temperature)
is shown in figure 3-5, characterized using a DSC-TGA instrument (Q600 SDT, TA
instruments). While the sorption properties are not identical to the MOF-801 used
in this study, the results demonstrate that MOF-801 is exceptionally stable towards
the water adsorption and desorption.
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Figure 3-5: Hydrothermal stability of MOF-801. (A) Dynamic adsorption-
desorption behavior of MOF-801 over 80 cycles. For each cycle, room temperature
adsorption for 200 min and 85"C desorption for 30 min (with 5YC min-1 ramp rate)
under a continuous flow of nitrogen-vapor mixture at ~30% RH. (B) Water uptake
as a function of cycle number.
3.3.3 Packing density and intercrystalline diffusivities
The effective intercrystalline diffusion is a function of spacing between the adsorbent
crystals. The characteristic void size of a random packing of spherical crystals of
uniform size can be estimated using a probability distribution [22, 39, 66], as shown,
P (X) = 3(1 + X)E(1-)I-HC) exp - E)(- HP [(1 + X)3-1
(E - EHCP) (E - EHCP) (3.2)
where E and EHCP are the average porosity of packed adsorbent and the porosity
corresponding to the maximum packing density of spheres arranged in a hexagonal
close-packed structure. The characteristic void size is calculated as dp = 2rcXavg,
where rc is the adsorbent crystal radius, and Xavg is calculated as:
Xavg = - XP(X)dx (3.3)E 0
This was carried out using equations 3.2 and 3.3, as shown in figure 3-6. The porosity
of the adsorbent layer can be calculated with the following relation: E = 1 - Pads/pp.
Where Pads is the porosity of packed adsorbent layer. The powdered particle density
for MOF-801 used in laboratory and proof-of-concept experiments, pp, is 1200
60 kg m-3. The crystal diameter of MOF-801 (~0.6 pm) was characterized using a
scanning electron microscope (6010LA SEM, JEOL), as shown in figure 3-7. The
effective intercrystalline diffusivity can be computed using equation 3.9, where the
Knudsen diffusivity is DK,Vap = (dp/3 V 8RT/7rM. The diffusion coefficient of vapor
in air at atmospheric pressure as a function of temperature can be obtained using the
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following relation [67],
Dvap,T Dvap,ref (T) 3 ,2 ( (3.4)
Tref QD,T
where Dvap and QD are the diffusion coefficient and collision integral based on the
Lennard-Jones potential for molecular diffusion [68], respectively, and subscript ref
denotes reference value.
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Figure 3-6: Intercrystalline vapor diffusivities of packed MOF-801 in air.
(A) Characteristic void size as a function of packed adsorbent porosity and adsorbent
crystal radius. (B) Effective intercrystalline diffusivities of vapor as functions of
porosity and temperature estimated for MOF-801, crystal diameter of ~0.6 pm, at
atmospheric pressure
Figure 3-7: SEM images of powdered MOF-801 used in laboratory and
proof-of-concept experiments. Crystal diameter of MOF-801 is ~0.6 pm.
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3.3.4 Adsorption isotherms and intracrystalline diffusivities
Vapor adsorption isotherms of MOF-801 were characterized using dynamic adsorp-
tion analyzers (DVS adsorption analyzer and Q5000SA, TA Instruments) at 25'C,
450C, and 65*C, as shown in figure 3-8, in the vapor and nitrogen-vapor mixture
(at atmospheric pressure) environments. Using dynamic behavior captured by these
instruments, vapor intracrystalline diffusivities of MOF-801 were estimated, with as-
sumptions of spherical crystal and isothermal diffusion, using Fick's law of diffusion
given by
-C =- D r2 (3.5)
at r2 ar a r
where C, t, r, and D, are the vapor concentration, time, crystal radius, and intracrys-
talline diffusivity, respectively. With assumptions of homogeneous pore structure,
constant spherical adsorbent crystals of radius, rc, and constant surface concentra-
tion and diffusivity (D,), the solution to equation 3.5 is 1691
mt 6 1 0 (2I) exp (n272Dt) (3.6)
=1-2 EK -2 2(.)
Meq 72n= rc
where mt/meq is the fractional water uptake with mt=0 at t=0 and mt=meq as I
approaches oc for a sufficiently small pressure and uptake step. The effective in-
tracrystalline (Fickian) diffusivities of MOF-801 were estimated by fitting equation
3.6 with the experimental measurements, as shown in figure 3-9, for the pure vapor
and nitrogen-vapor mixture cases at 20% RH. The intracrystalline diffusivities for
the mixture case are lower due to extra mass transfer resistances introduced by the
presence of nitrogen gas. The intracrystalline diffusivities depend on temperature
and adsorbate uptake [70, 71], therefore, a description of the diffusivity with the Ar-
rhenius behavior is only satisfactory for limited cases. However, for a macroscopic
modeling using the linear driving force model, it is essential to define a characteristic
diffusivity. This is permissible because the intracrystalline diffusion process is not a
sole mechanism for vapor transport, and this becomes predominant for the case of
air-vapor mixture where intercrystalline diffusion dictates the overall transport [221.
The estimated intracrystalline diffusivities were found to be fairly constant, within the
order of magnitude, for the range of vapor pressures and temperatures investigated
(figure 3-9 C).
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Figure 3-8: Adsorption isotherms of MOF-801 used in laboratory and proof-
of-concept experiments. measured in a (A) pure vapor and (B) nitrogen- vapor
mixture at atmospheric pressure at various temperatures
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Figure 3-9: Intracrystalline vapor diffusivities of MOF-801 used in labora-
tory and proof-of-concept experiments. Fractional water uptake (kg kg-1 ) as
a function of time for MOF-801 in (A) pure vapor and in (B) nitrogen-vapor mix-
ture characterized at 25"C and 20% RH. The dynamic responses are recorded during
the isotherm measurements shown in 3-8. (C) Estimated intracrystalline diffusivities
using equation 3.6 as functions of relative humidity and temperature
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3.4 Theoretical modeling framework
A theoretical model based on mass and energy conservation is developed to under-
stand and predict adsorption-desorption dynamics of MOF-801 using the following
governing equations [22, 25, 39, 72, 73]:
aC (I - E) aC4
+ V - (uC) = V - DVC - (3.7)at e at
aT aC
pcP =V kVT +had (1-e) (3.8)at at
Equation 3.7 is mass conservation of the vapor due to diffusion within the packed ad-
sorbent, where C, E, and aC,/at are vapor concentration (mol m-3), porosity of packed
adsorbent, and the average instantaneous rate of adsorption, respectively. The vapor
concentration (mol m 3 ) can be calculated using the ideal gas law, C = PR-'T4,
where P, R, and T denote the pressure (Pa), universal gas constant (J mol1 K-1 ), and
temperature (K). D, is the intercrystalline diffusivity of vapor (M2 s-1) through the
packed MOF-801 crystals. The compressibility factor of water vapor at atmospheric
pressure is nearly unity. Vapor transport due to advection V -(uC) in equation 3.7 can
be neglected by scaling the advection to diffusion transport using the Peclet number:
Pe = Lcu -D,- 1 . Here, L, is the characteristic length scale (layer thickness), and the
Darcian vapor velocity,u = -KVP/p, can be calculated using the permeability, K,
of the porous medium (packed adsorbent), K = (2rc) 2 E3 (36kk(1 - E)2 )-' [741, where
p, re, and kk are the dynamic viscosity of vapor, MOF-801 crystal radius, and the
Kozeny constant, respectively. Peclet number under pure vapor case (for adsorption
thermal energy storage systems) was estimated to be on the order of 10-2. For the
air-vapor mixture case (for atmospheric water harvesting) where D, is much lower
than the case of pure vapor, advection can be neglected because the presence of air
molecules can equilibrate the pressure gradients during adsorption and desorption
processes. The energy equation shown in equation 3.8 represents energy conservation
within the packed adsorbent, neglecting the contribution from advection, where PCp,
k, and had are the locally averaged heat capacity (J m-3 K-1 ), thermal conductivity
(W m-1 K-1), and enthalpy of adsorption (J mol-1), ~55 kJ mol 1 [241.The heat ca-
pacity and thermal conductivity terms incorporate the presence of the metallic foam,
MOF-801 (specific heat capacity of 760 J kg-1 K-1 measured using a DSC (Discovery
DSC, TA Instruments), and adsorbed vapor (assumed liquid phase heat capacity).
Due to the high thermal conductance of the metallic binder (copper foam), advection
can be neglected.Based on the Knudsen number for vapor transport, D, can be ap-
proximated as Knudsen diffusion, molecular diffusion, or a combination of both. The
Knudsen number for vapor can be calculated using the mean free path of vapor and
the characteristic void size of porous media. The effective vapor intercrystalline diffu-
sivity, De, in an air-vapor mixture with consideration of both Knudsen and molecular
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diffusions in tortuous porous media can be estimated as [67, 75, 761,
DV= E3/2 ( + ) - (3.9)
Dvap DK,Vap
where DVapDK,Vap, and E are vapor molecular diffusivity in air, Knudsen diffusivity
of vapor, and porosity of packed adsorbent, respectively. For pure vapor conditions at
low pressures (see laboratory experiment in chapter 3.5.2), intercrystalline diffusivity
in this case is expressed as D,- 3/2 - DK,Vap-
In equations 3.7 and 3.8, C, is the vapor concentration within an adsorbent crystal,
and the average instantaneous rate of adsorption, DC,1/&t, can be approximated with
the linear driving force model [22, 25, 39, 72, 77]
aC 1 5 Dy(Ceq - C) (3.10)at -r2i(e -01
In equation 3.10, re, D,,, and Ceq are, the adsorbent crystal radius (m), the intracrys-
talline diffusivity of vapor within adsorbent crystals, and the equilibrium vapor con-
centration based on the local temperature and vapor pressure, respectively. r, and
DA are characterized experimentally, and Ceq can be estimated from a linear interpo-
lation of the adsorption isotherms, measured in the range of temperatures considered.
Experimental characterizations of these parameters are discussed in subsequent sec-
tion.
During the solar-assisted desorption in air, desorbed vapor is transported and
condensed via diffusion in air. For the orientation of the device described in figure
3-14 A, diffusional vapor transport between the MOF layer and the condenser can be
approximated using Fick's law of diffusion where x represents the spatial coordinate:
ac = D C (3.11)
at apX 2
The presented framework assumes dilute multicomponent gas diffusion [67], which is
usually true for the vapor (dilute specie) diffusion in air.
61
3.5 Sample fabrication and laboratory experiments
3.5.1 Sample fabrication and experimental methodology
Activated MOF-801 was infiltrated in a copper porous foam (-100 ppi), 0.41 cm
thick, brazed on a (5 cm by 5 cm) copper plate with a thickness of 1.7 mm by im-
mersing the foam-plate structure in a MOF-801 suspension in DI water. Copper foam
was used to enhance structural rigidity, and to overcome the intrinsically low thermal
conductivity of the porous adsorbent [781.The thermal conductivity, k, of the foam
was estimated to be -4 W m-1 K-1 . The conduction resistance with the metallic
foam (LkO, L being thickness, -4 mm, and k being the thermal conductivity of the
MOF layer) was ~10-2 of the convective resistance (h-1 , h being a convective heat
transfer coefficient). The weights of MOF-801 and copper foam-plate structures were
1.79 g and 41 g, respectively. Use of an ultra-light thermal and structural binder,
such as carbon-based foam [79], can reduce the overall weight significantly. The
packing density of infiltrated MOF-801 (170 kg m-3 ) was characterized by letting it
equilibrate in a laboratory environment for -1 day and measuring the dehydrated
weight of the surface powdered MOF-801 using an adsorption analyzer (DVS Vac-
uum, Surface Measurement Systems Ltd.) under high vacuum (<1E-4 Pa) at 120*C.
The back side of the sample (copper plate side) was coated with a graphite spray
(dgf 123 dry graphite film lubricant, Miracle Power Products Corp.) to make the sur-
face absorptive for solar irradiance. Solar-weighted absorptivity (in the 250-2,500 nm
wavelength range) was characterized to be 0.91 using a UV-Vis-NIR spectrophotome-
ter (Cary 5000, Agilent). The sample was hung on a stand supported with metallic
wires to minimize conduction losses, and an aperture was placed next to the sample.
The condenser was fabricated by stacking the thermoelectric cooler (TE-127-1.0-1.5,
TE technology), the heat flux sensor (HFS-4, Omega Engineering), and the copper
foam using conductive pads (TFLEX 720, Laird Technologies). The copper foam
attached to the condenser was used to promote condensation with a high surface
area and to avoid water dripping from capillary pressure induced by the pores in the
foam. Degassed reagent-grade water (Sigma-Aldrich, CAS:7732-18-5) was used dur-
ing the water harvesting experiments. The simulated solar flux equivalent to 1 kW
m' (AM1.5 spectrum; 92192, Newport Oriel) was measured at the absorber side of
the sample plane using a thermopile detector (919P-040-50, Newport) with an active
diameter of 5 cm. Thermocouples (J type 5TC series, Omega Engineering.) were used
to measure both sides of the sample, and also vapor temperatures. Outgassing of each
component during the experiments was found to be negligible, and a schematic of the
vacuum chamber system used for the water harvesting experiments is shown in figure
3-10. The effective heat transfer coefficient inside the chamber was characterized to
be 7 to 9 W m 2 K 1 with a Kapton heater (KHL kapton flexible heater, Omega)
coated with the graphite spray.
Prior to the experiments in the environmental chamber, the fabricated MOF-801
layer was evacuated at high vacuum (< 1 Pa) and high temperature (~90"C) for
~1 hour to remove initially adsorbed vapor. The chamber walls were maintained at
-35'C throughout the entire experiment. After the evacuation process, the sample
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Figure 3-10: Schematic of vacuum chamber system used for water harvest-
ing experiments. Degassed vapor was provided from a primary water reservoir and
simulated solar flux was provided through a glass view port. The chamber tempera-
ture was controlled with a heating cable and variac power supply. A data acquisition
system was used to measure the MOF-801 layer, vapor, and condenser temperatures,
and the heat flux readings. A power supply was used to control the condenser tem-
perature.
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was cooled down to a temperature -35'C through radiative heat exchange with the
chamber wall. Once the sample was thermally equilibrated with the chamber, ad-
sorption was carried out by introducing degassed water vapor into the chamber. The
vapor pressure was maintained -1.2 kPa, monitored using a pressure sensor (722B
Baratron, MKS instruments), by regulating a valve connecting a vapor source and
the chamber. This pressure corresponds to 20% RH at 35*C, which allows the uti-
lization of the step rise in water uptake observed from the adsorption isotherm shown
in figure 3-8. An isobaric condition was maintained for -70 minutes; the sample
temperature reached ~35'C and the reduction in pressure due to adsorption was neg-
ligibly small. Then, the desorption was carried out by isolating the chamber from
the vapor source and introducing simulated solar flux equivalent to 1 kW m 2 (AM1.5
spectrum) to the graphite-coated substrate surface through a glass view port. During
the desorption process, the condenser was maintained at a constant temperature of
~10*C, a saturation temperature corresponding to -1.2 kPa using a thermoelectric
cooler (TE-127-1.0-1.5, TE technology), to actively ensure an isobaric environment
in the chamber. Desorbed vapor from the sample was condensed on the condenser
and the heat from the condensation process was monitored using the heat flux sen-
sor. Desorption experiment was carried out until the heat flux readings reached the
baseline, which was in -30 minutes. The vapor temperature inside the chamber was
also maintained constant at -35*C, monitored using multiple thermocouples, during
the experiment.
3.5.2 Laboratory experiments and theoretical validation
We carried out the adsorption-desorption experiments for water harvesting with
MOF-801 at 20% RH. Experiments were performed in a RH-controlled environmental
chamber interfaced with a solar simulator. The fabricated MOF-801 layer was placed
in the chamber (figure 3-11 A), and evacuated under high vacuum below 1 Pa at
90'C. Water vapor was then introduced inside the chamber to maintain a condition
equivalent to a partial vapor pressure of 20% RH at 35 C, matching the step rise in
water uptake for the MOF-801. Vapor was adsorbed onto the sample surfaces by
diffusion (figure 3-11 B). After saturation, the chamber was isolated from the va-
por source. A solar flux (1 kW m 2 , AM1.5 spectrum) was introduced to the graphite
coated substrate layer with a solar absorptance of 0.91 to desorb water from the MOF.
This water was then collected via a condenser interfaced with a thermoelectric cooler
which maintains the isobaric conditions of -1.2 kPa (20% RH at 35'C, saturation
temperature of -10"C). By maintaining the isobaric condition, all of the desorbed
vapor was condensed and harvested by the condenser. During desorption, the water
harvesting rate (or vapor desorption rate) was continuously monitored with a heat
flux sensor interfaced to the condenser. The environmental temperature above stan-
dard ambient temperature was necessary to perform the experiments above 1 kPa;
otherwise, a much lower condenser temperature is needed (e.g., -0.5*C for 20% RH
at 25'C). Thermocouples were placed on both sides of the MOF-801 layer to monitor
the dynamic temperature response.
Figure 3-11 C shows the temperature of the MOF-801 layer and pressure inside
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Figure 3-11: Experimental characterization of harvested water from an
adsorption-desorption cycle for MOF-801. (A) Image of MOF-801 layer and
condenser. (B) Schematic illustrates the vapor adsorption and desorption experi-
ments carried out under isobaric conditions. Vapor adsorbed through the sample
surface by diffusion. Desorption was achieved by applying an incident solar flux on
an absorber with a solar absorptance of 0.91, and the desorbed vapor was condensed
simultaneously in the condenser to harvest water. The condensation heat was moni-
tored using a heat flux sensor (HFS) with active cooling through thermoelectric (TE)
cooler. Ads. and Cond. represent adsorption and condensation, respectively. (C)
Layer temperature and chamber vapor pressure as functions of time during the water
harvesting cycle. The background color map represents the estimated RH from the
chamber pressure and the layer temperature, and the upper abscissa represents the
predicted overall water uptake using the theoretical model as a function of time, lower
abscissa . (D) Experimentally characterized water harvesting rate (L kg-1 s-1 ) and
cumulative harvested water (L kg-1) during desorption. The shaded region represents
the error based on uncertainties of the heat flux and MOF-801 weight measurements.
The predicted temperature profile and cumulative water harvested are also included
in (C) and (D), showing good agreement. The activated MOF-801 weight is 1.79 g
with a layer thickness of 0.41 cm and a packing porosity (E) of -0.85. Subscripts sim
and exp denote simulated and experimental results, respectively.
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the chamber during the adsorption and solar-assisted desorption experiments. Dur-
ing adsorption, the temperature of the MOF-801 layer first rapidly increased because
the exothermic adsorption process, and then slowly decreased as heat was lost to
the surroundings. After -70 min of adsorption, the MOF-801 temperature equili-
brated with the surrounding vapor of ~35'C. At these given adsorption conditions,
the predicted water uptake, or potential harvestable quantity of water, was estimated
to be ~0.25 kg of water per kg of MOF, as shown in the upper abscissa of figure
3-11 C. For MOF-801, -0.24 L kg-1 of water was harvested per each water harvesting
cycle (figure 3-11 D), obtained by integrating the water harvesting rate. We fur-
ther confirmed the experimental result with an adsorption analyzer under identical
adsorption-desorption conditions (figure 3-4 A). The developed theoretical framework
(section 3.4) was validated and produced good agreement with the experimental data
from the water-harvesting experiment (figure 3-11).
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3.6 Optimization of water harvesting processes
Developed theoretical model (section 3.4) was used to optimize the design of the wa-
ter harvesting process with MOF-801. We performed a parametric study, including
varying the packing porosity (0.5, 0.7, and 0.9) and layer thickness (1, 3, 5, and 10
mm), and determined the time and amount of harvestable water using a solar flux
of 1 sun (1 kW m-2 , figure 3-12). By considering both the adsorption and desorption
dynamics, a porosity of 0.7 was predicted to yield the largest quantity of water. At
a porosity of -0.5 or less, the adsorption kinetics is limited by Knudsen diffusion
because the crystal diameter of MOF-801 is only ~0.6 pum (Figure 3-7). The charac-
teristic void spacing for Knudsen diffusion is a function of packing porosity and the
crystal diameter. However, at higher porosities, a thicker MOF-801 layer is required
to harvest a sufficient amount of water, but the time scale and transport resistance
for intercrystalline diffusion also scales with the MOF layer thickness as t ~ Lc2 /Dv,
where, t, L., and D, are the time scale, intercrystalline diffusivity, and characteristic
length scale (i.e., layer thickness), respectively.
Simulated adsorption-desorption dynamics for the MOF-801 layer of the optimized
packing porosity of 0.7 are shown in figure 3-13 for 1 sun and realistic boundary con-
ditions for heat loss (a natural heat transfer coefficient of 10 W m 2 K-1 and standard
ambient temperature of 25C). In this simulation, MOF-801 was initially equilibrated
at 20% RH, and the vapor content in the air-vapor mixture that surrounds the layer
during desorption increased rapidly from 20% RH to 100% RH at 25 C. This sce-
nario is more realistic compared to the model experiment described above because
water is harvested by a condenser at ambient temperature. Once solar irradiation
was stopped, the air-vapor concentration reverted to 20% RH for vapor adsorption
from ambient air, and the heat from the adsorption process was transferred to the
surroundings. First, water uptake decreased with time during solar heating and wa-
ter condensation, and then increased through adsorption, as shown on the simulated
water uptake profiles for the MOF-801 layer with a thickness of 1, 3, and 5 mm in fig-
ure 3-13. The temperature correspondingly increased and then decreased with time.
Continuously harvesting water in a cyclic manner for a 24-hour period with low-grade
heat at 1 kW m-2 can yield -2.8 L kg-1 day-' or -0.9 L m 2 day-1 of water with a layer
with 1 mm thickness. Alternatively, per one cycle, a 5 mm thick layer of MOF-801
can harvest ~0.4 L m-2 of water. Our findings indicate that MOFs with the enhanced
sorption capacity and high intracrystalline diffusivity along with an optimized crystal
diameter and density, and thickness of the MOF layer can boost the daily quantity
of the harvested water from an arid environment.
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Figure 3-12: Predicted desorption dynamics of MOF-801 in air. Predicted
desorption water uptake (kg kg-1) and harvestable water (L M-2 ) with solar flux of
1 kW m-2 . (A) porosity, E, of 0.9 with layer thickness of 3, 5, 10 mm, (B) E of
0.7 with layer thickness of 1, 3, 5 mm, and (C) E of 0.5 with layer thickness of 1,
3, 5 mm. MOF-801 was initially equilibrated at 20% RH, at 25"C, and the vapor
partial pressure rapidly increased to 100% RH at 25 C during desorption for vapor
condensation. Mass transfer resistance is predominantly due to Knudsen diffusion at
E of -0.5. Black-body solar absorber was assumed.
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Figure 3-13: Adsorption-desorption dynamics of MOF-801 in ambient air
with 1 sun flux. Predicted adsorption-desorption dynamics with a packing porosity
(E) of 0.7, solar flux of 1 kW m-2, and various thicknesses (1 to 5 mm). MOF-801
was initially equilibrated at 20% RH at 25'C and the partial vapor pressure rapidly
increased to 100% RH at 25*C during desorption for vapor condensation. After des-
orption, the surrounding air-vapor mixture reverted to 20% RH. The duration of solar
exposure for thicknesses of 1, 3, and 5 mm were 1, 2.3, and 4.2 hours, respectively.
Note that only the duration of solar exposure for the 5-mm thick sample (red dot-
ted line) is plotted for simplicity. The 1 mm, 3 mm, and 5 mm layers can harvest
0.08, 0.24, and 0.4 L m-2 of water per complete water harvesting cycle, respectively.
More than 90% of the initially adsorbed water could be harvested under these con-
ditions. Inset shows a predicted temperature profile of the 5 mm thick layer during
the adsorption-desorption processes. Black-body solar absorber was assumed.
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3.7 Proof-of-concept demonstration
3.7.1 Fabrication of proof-of-concept prototype
The proof-of-concept prototype enclosure was fabricated with reflective acrylic sheets
(coated with aluminum and 0.318 cm thick) to reflect incoming solar incidence dur-
ing the experiment. One of the lateral faces was made of transparent plastic for
visualization purposes. Vacuum grease (high vacuum grease, Dow Corning), acrylic
cement (TAP Plastics), and transparent food-grade wrap, and adhesive tape were
used to seal the enclosure. A thermal compound (340 heat sink compound, Dow
Corning) was used to bond the condenser (TE-127-1.0-1.5, TE technology) side of
the enclosure onto a heat sink. The MOF-801 layer was hung on the top wall of the
enclosure with nylon threads. A glass plate (solar transmittance of 0.92, measured
with the UV-Vis-NIR spectrophotometer) was placed on the top of the absorber to
suppress convective losses during the experiment. The finished prototype measured
7 cm x 7 cm x 4.5 cm, excluding the heat sink. Thermocouples were used to measure
both sides of the MOF-801 layer (center of the layer), as well as the condenser. The
estimated effective heat transfer coefficient experienced by the MOF-801 layer during
the outdoor demonstration was -9 W m 2 K-1 .
3.7.2 Proof-of-concept demonstration
The proof-of-concept MOF-801 water-harvesting prototype was built to demonstrate
the viability of this approach outdoors (figure 3-14). This prototype includes a MOF-
801 layer (packing porosity of -0.85, 5 cm by 5 cm and 0.31 cm thick containing 1.34
g of activated MOF), an acrylic enclosure, and a condenser, which was tested on a roof
at MIT. The spacing between the layer and condenser in the prototype was chosen to
be large enough to enable ease of sample installation and visualization. The activated
MOF-801 layer was left on the roof overnight for vapor adsorption from ambient air
(day 1). The desorption process using natural sunlight was carried out on day 2
(ambient RH was ~65% at the start of experiment). For visualization purposes, we
used a condenser with a temperature controller to maintain the temperature slightly
below ambient, but above the dew point, to prevent vapor condensation on the inner
walls of the enclosure. However, active cooling is not needed in a practical device
since the hot desorbed vapor can condense at the cooler ambient temperature using
a passive heat sink.
The formation, growth and multiplication of water droplets on the condenser with
the change of the MOF layer temperature and time are shown in figure 3-14 B. The
temperature and solar flux (global horizontal irradiation) measurements during the
solar-assisted desorption process revealed a rapid increase in the MOF-801 tempera-
ture accompanied with the relatively low solar fluxes (figure 3-14 C). Because water
harvesting with vapor condensation is done with the presence of noncondensables
(air), transport of desorbed vapor from the layer to the condenser surface is by dif-
fusion. Using the experimentally measured solar flux and environmental conditions,
and the theoretical model incorporating the vapor diffusion resistance between the
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layer and condenser, the MOF layer temperature and water uptake profiles are also
predicted (figure 3-14 C). The RHs based on the MOF layer temperature before and
after the solar-assisted desorption are ~65% at 25'C and -10% at 66'C and the cor-
responding equilibrium water uptakes under these conditions are -0.35 kg kg-1 and
~0.05 kg kg-1, respectively, at a 23*C condenser temperature (estimated from figure
3-8 B). An amount of ~0.3 L kg-1 of water can be potentially harvested by saturating
the MOF layer with ambient air at a solar flux below one sun.
Because of the large spacing between the layer and condenser, and the orientation
of the prototype, there is a delay in desorption. Therefore, to predict the prototype
water harvesting potential under equilibrium conditions, we extended the desorption
time for the simulation, results of which match the prediction from the isotherm (-0.3
L kg-1 , shown in the upper abscissa of figure 3-14 C). In order to fully utilize the steep
step of water uptake in the MOF-801 isotherm, a temperature difference of -45"K
between the condenser and the layer is necessary to achieve desorption at 10% RH.
For instance, if the initial RH was 20%, potentially -0.2 L kg-1 can be harvested
with MOF-801, which is an order of magnitude greater than that for conventional
adsorbents estimated from isotherms [24, 80].
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Figure 3-14: Proof-of-concept water harvesting prototype. (A) Image of a wa-
ter harvesting prototype with activated MOF-801 of weight of ~1.34 g and a packing
porosity (E) of -0.85 with outer dimensions of 7 cm by 7 cm x 4.5 cm. (B) Formation
and growth of droplets of water as a function of MOF temperatures (TMOF) and time
of day. (C) Representative temperature profiles for MOF-801 layer (experimental,
red line; predicted, red dash), ambient air (grey line), condenser (blue line), and am-
bient dew point (green line), and solar flux (purple line) as functions of time of day
(September 14, 2016). The background color map represents the estimated RH from
the condenser saturation pressure and the layer temperature, and the upper abscissa
represents the predicted water uptake using the theoretical model as a function of
time, lower abscissa . Because of losses from the absorber solar absorptance (a, 0.91)
and the glass plate solar transmittance (T, 0.92), 84% of the solar flux shown in (C)
was used for desorption. The layer temperature and full water harvesting potential
based on complete desorption was predicted using the solar flux and environmental
conditions at the end of the experiment (dash lines). The fluctuations of the solar
flux during time 10:20 to 11:00 were due to the presence of clouds. Subscripts sim
and exp denote simulated and experimental results, respectively.
72
3.8 Summary and discussion
This chapter investigated experimental and theoretical framework for adsorption-
based atmospheric device based on MOF-801. Proof-of-concept demonstration indi-
cates our approach is viable with non-concentrated solar flux of -1 kW m-2 . The
thermal efficiencies of our proposed approach are predicted to be around 6 to 10%
at desorption heat flux of 1 kW m-2 and convective heat transfer coefficients of 10
W m-2 K-1 in 20% RH ambient (figure 3-13). Note that in this condition, operation
of refrigeration-based AWGs is infeasible. Based on considerations discussed in this
chapter, further improvements in efficiency can be made (i) choice of an adsorbent
with a stepwise isotherm; (ii) a higher desorption heat flux; (iii) optimized diffusional
properties (e.g., particle size, density, and vapor transport [39]); and (iv) appropriate
thermal insulation to mitigate heat loss. As evident from the MOF-801 isotherm
(stepwise), the majority of water can be desorbed at a near constant temperature.
This enables utilization of a greater fraction of the desorption energy for regeneration
rather than heat losses. Second, the efficiency can be improved with higher desorp-
tion heat fluxes. For instance, with a desorption heat flux of 1.5 kW m-2, instead of
1 kW m-2, we predict a thermal efficiency gain of roughly two-fold with MOF-801
under identical boundary conditions (figure 3-13) as expected. This can be realized
with various approaches, i.e., for solar, with stationary reflectors [81] or with ther-
mal concentration [82] since the required concentration ratio is low. In addition, the
diffusional transport can be enhanced with optimized particle diameter and density
of MOF materials or with buoyancy-driven vapor transport during desorption/con-
densation with geometric orientation (density gradient-assisted transport rather than
diffusion in stagnant air). Although the MOF-801 that we used has a crystal diam-
eter of -0.6 pm which limits intercrystalline diffusion, MOFs with varying particle
sizes can be readily synthesized. Appropriate thermal insulation, such as optically
transparent and thermally insulating aerogels [83, 84] and highly absorptive coatings
(e.g., pyromark coating) for solar thermal systems, can further reduce the losses and
increase the thermal efficiency.
In chapter 4, demonstration of MOF-801 based device optimized with considera-
tions presented in this chapter will be discussed.
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Chapter 4
Adsorption-based atmospheric water
harvesting: Demonstration of an
optimized device in arid climates
In this chapter, demonstration and operation of an air-cooled sorbent-based atmo-
spheric water harvesting device using the MOF-801 [Zr 6 O4 (OH) 4 (fumarate)6J in an
exceptionally arid climate (10-40% RH) and sub-zero dew points (Tempe, Arizona,
United States) is present. With the combination of experimental data and compu-
tational simulations, we predicted that this device delivered over 0.25 liters of water
per kg of MOF (or ~0.34 liters per m 2 of MOF layer) for a single cycle (night and
day). With a solar optical concentration of less than 2x and buoyancy-assisted con-
densation, we show an overall thermal efficiency (solar input to water conversion)
of -14%, an improvement of ~5x in comparison to the non-concentrated cycle. In
addition, during night-time adsorption, by facing our device towards the clear sky,
passive radiative cooling reduced the temperature of the adsorbent below its ambient
and consequently, increased the effective RH experienced. This effect can be highly
advantageous for selecting various adsorbents with even higher water uptakes and
lower regeneration temperatures to further improve device performance. Finally, we
analyzed the water quality and showed that the MOF compound was stable to water
and the metal ions and organic linkers did not leach from the framework into the
harvested water.
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4.1 Device design and operation
Our operational principle involves a single daily cycle where adsorption occurs during
night-time at a higher humidity (20-40% RH, figure 4-1) and solar-assisted desorp-
tion/water production occurs during day-time at a lower humidity (10-20% RH, figure
4-1), schematically described in figure 4-2 A. The device consists of two key compo-
nents, an adsorbent layer (MOF) and an air-cooled condenser in an enclosure. The
back side of the MOF layer is coated black and serves as a solar absorber. Dur-
ing night-time adsorption, the enclosure side walls are opened and the MOF layer
is saturated with vapor from the natural flow of ambient air and passively cooled
with radiation to the sky. During day-time water production, the enclosure is closed
and the solar absorber side is covered with an optically transparent thermal insulator
(OTTI aerogel, section 4.2.5) [83, 84]. The MOF layer is heated by exposure to solar
irradiance, causing water release (desorption). The desorbed water vapor diffuses
from the MOF layer to the condenser due to a concentration gradient. Accumulation
of vapor in the enclosure leads to saturation conditions and consequently, the conden-
sation process occurs at ambient temperature. The heat of condensation is dissipated
to the ambient by a heat sink. The adsorbents need to be selected based on the typ-
ically available ambient RH for water adsorption. MOF-801 was chosen in our study
because it exhibits an adsorption step located around 20% RH and is well-suited for
the specific climate tested (Tempe, Arizona, United States). Furthermore, MOF-801
is hydrothermally stable and well-characterized for water adsorption including having
high stability to cycling water in and out of the pores [21, 22].
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Figure 4-1: Weather station data near testing location (Phoenix, Arizona,
United States on May 18, 2017). Ambient and dew point temperatures and
relative humidity (RH) are shown. Night-time RH varies between 20-40% and day-
time RH varies between 10-20%. Dew point temperature is as low as -10 C. Data was
obtained from Pheonix Sky Harbor weather station.
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Figure 4-2: Working principle of MOF-801 based water harvesting device
and adsorption isotherms. (A) Illustrative schematic of the water harvesting
device undergoing adsorption (night-time, left half) and solar-assisted water produc-
tion (day-time, right half) processes. During adsorption, air is circulated around the
MOF layer and water from air is adsorbed. Passive radiative cooling lowers the MOF
layer temperature below ambient by dissipating thermal radiation to clear cold sky
to increase the effective RH for adsorption. During water production, optically trans-
parent and thermally insulating (OTTI) aerogel is stacked on top of the MOF layer
to suppress convective heat loss from the solar absorber. The desorbed vapor is con-
densed on a condenser and heat of condensation is rejected to the ambient by a heat
pipe heat sink. (B) Water adsorption isotherms of MOF-801 in kg kg- (kg of water
per kg of MOF-801) as a function of relative humidity (PP-, vapor pressure over
saturation pressure) at temperatures of 15'C, 25"C, 45C, 65C, and 85*C measured
using a sorption analyzer (Q5000 SA, TA Instruments). *Isotherm at 105 *C was pre-
dicted using the characteristic curve based on the isotherm at 85*C [31J. Dotted red
circles indicate representative conditions achieved during night-time adsorption and
day-time water production in Arizona, United States.
The amount of water that can be harvested in a single cycle using MOF-801 can
be evaluated based on the adsorption isotherm shown in figure 4-2 B. For representa-
tive conditions in our test location, with a night-time ambient temperature of 15-25 C
and RH of -30% during adsorption, the equilibrium uptake is estimated to be -0.25
kg kg- (kg of water per kg of MOF-801). To achieve complete desorption (at ~10%
RH, see figure 4-2 B), with a day-time ambient (condenser) temperature of 30 "C (sat-
uration vapor pressure, Psat = 4.2 kPa), the adsorbent must be heated to a minimum
of 77*C (Psat = 42 kPa). This corresponds to a target temperature difference of -45
K between the adsorber and the condenser (section 3).
To attain these operating conditions, the prototype design described in section 3
was further optimized and engineered (section 4.2.4). A MOF layer (base of 5 cm
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by 5 cm with ~3 g of MOF-801) was fabricated using a porous copper foam. The
solar absorber side of the MOF layer was coated with pyromark paint with a solar
absorptance of -0.95. The MOF layer density and thickness were optimized (section
4.2.4) for operation in arid climates based on the transport properties of MOF-801. A
packing porosity of 0.67 (or packing density of 464 kg m-) and thickness of 2.57 mm
were chosen for the MOF layer. These optimized parameters enable saturation within
the limited time window, i.e., during the humidity swing (increase) in the night-time
(roughly under 8 hours in a 20 to 40% RH environment, figure 4-1) and to maximize
water harvesting capacity. Due to the fixed side walls of the small-scale device (un-
like figure 4-2 A), which prevented access to air flow (vapor source), the MOF layer
was secured in a separate enclosure which allowed adequate access to air (figure 4-3).
The condenser of the device was fabricated with a copper plate (4 cm by 4 cm and
0.6 cm thick) attached to a commercial air-cooled heat sink (NH-L9x65, Noctua) to
efficiently dissipate the heat from condensation to the ambient. The condenser was
air-cooled throughout the entire experiment. To suppress convective heat loss from
the solar absorber side of the MOF layer during solar-assisted desorption, an optically
transparent and thermally insulating (OTTI) aerogel with a thermal conductivity of
less than 0.03 W m-1 K and solar transmittance of -0.94 (section 4.2.5) was stacked
on the MOF layer as shown in figures 4-2 A and 4-4. The use of OTTI aerogel is
well-suited for arid climates due to the inherently low RH and no degradation during
testing was observed. In order to prevent vapor leak during desorption, a transparent
plastic wrap (solar transmittance of -0.93) was used to seal the device, leading to
an overall solar transmittance and absorptance loss of ~17% (83% sun to thermal
conversion efficiency) with an effective heat loss coefficient of 9 to 10 W m-2 K-1. To
help overcome these solar-thermal losses and improve water harvesting thermal effi-
ciencies, experiments were also performed with a biconvex lens (9 cm diameter) which
was used to achieve an optical concentration of 1.8x during desorption. The spacing
between the MOF layer and condenser (~1.8 cm) was also reduced in comparison to
our prior study to enable faster vapor diffusion during condensation while maintain-
ing minimal heat loss from the MOF layer to the condenser. One of the lateral walls
of the device was made transparent to serve as a view port for visualization.
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Figure 4-3: Photo of experimental setup during night-time adsorption. The
MOF layer with its acrylic frame was mounted into cover of an air-tight plastic storage
container with the pyromark coated side up for night-time radiative cooling. A -5
kg metal block was placed inside to secure the apparatus against wind damage. The
sides of the air-tight container were modified to fit a fan (0.9 W; 12 VDC) and enable
cross flow of ambient air (vapor source). Initially, the black absorber side was covered
with aluminum foil to reach thermal equilibrium with the ambient. At the start of
the adsorption experiment, the aluminum foil was removed and a temperature drop
due to the passive radiative cooling was observed.
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Figure 4-4: Water harvesting device test apparatus. (A) Photo of the device test
apparatus during the solar-assisted water production with 1.8x optical concentration.
Test location: Tempe, Arizona, United States. (b) Photo of the water harvesting
device showing the MOF layer (5 cm by 5 cm base, porosity of 0.67 or packing density
of 464 kg m 3 with 2.57 mm thickness), condenser (4 cm by 4 cm), and thermocouples
through the view port. OTTI aerogel, heat pipe heat sink, and insulation are also
shown.
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4.2 Characterization and optimization of MOF layer
4.2.1 MOF-801 characterizations and device optimizations
MOF-801 used in this climate testing had slightly different sorption and physical
characteristics from the MOF-801 described in chapter 3. The powdered particle
density of this activated MOF-801 was characterized to be 1400 20 kg m-3 (chapter
3.3.1).
4.2.2 Estimation of intercrystalline diffusivities
The average crystal diameter of this MOF-801 (~1 pm) was characterized using a
scanning electron microscope (6010LA SEM, JEOL), as shown in figure 4-5, and
assumed uniform for the estimation of the void size. Following estimation of inter-
crystalline diffusivity discussed in section 3.3.3, the effective intercrystalline diffusivity
was estimated for the packing porosity of 0.67 (figure 4-6).
Figure 4-5: SEM images of powdered MOF-801 used in climate testing.
Crystal diameter of MOF-801 is 1 0.15 pm, mean value and error (standard de-
viation) were obtained from image analysis using ImageJ software. Scale bars are 5
pm.
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Figure 4-6: Effective intercrystalline vapor diffusivity of packed MOF-801 in
air (black) as a function of temperature for the porosity of 0.67 and crystal diameter
of 1 pm. Vapor diffusivity in air (red) as a function of temperature is also shown for
comparison.
4.2.3 Adsorption isotherms and estimation of intracrystalline
diffusivities of MOF-801
Vapor adsorption isotherms of MOF-801 were characterized using an adsorption an-
alyzer (Q5000 SA, TA instruments) at 15, 25, 45, 65, and 85'C (figure 4-7 A). The
adsorption isotherm at 105*C was predicted using the characteristic curve based on the
85"C isotherm, vapor uptake as a function of adsorption potential: A = RTln(Psat/P)
[31]. The vapor adsorption isotherm of MOF-801 before and after water harvesting
cycles is also shown in figure 4-7 B, confirming the hydrothermal stability of MOF-
801. Using the dynamic adsorption behavior (i.e., rate of mass adsorbed as a function
of time), intracrystalline vapor diffusivity of MOF-801 was estimated as discussed in
section 3.3.4 (figure 4-7 C and D). As discussed in section 3.3.4, for the macroscopic
modeling framework outlined, it is essential to define a characteristic intracrystalline
diffusivity [22], therefore, constant intracrystalline diffusivities at 25 "C or 65'C (25%
RH) were used for the theoretical prediction (section 4.5).
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Figure 4-7: Vapor adsorption isotherms and intracrystalline diffusivities (A)
Vapor adsorption isotherms of MOF-801 at 15, 25, 45, 65, and 85C. *Isotherm at
105"C was predicted from the characteristic curve [31] based on the 85 C isotherm.
(B) Vapor adsorption isotherms of MOF-801 at 25"C before (red) and after climate
testing (black). (C) and (D) Fractional water uptake (kg kg-1 ) as a function of time
for MOF-801 characterized at 25 and 65"C at 25% RH, respectively.
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4.2.4 Optimization of MOF layer
To enable sufficient vapor diffusion kinetics along with reasonably high water pro-
duction, findings from chapter 3 suggests that the optimum packing porosity for the
MOF-801 based water harvesting device is -0.7. Using the theoretical framework
presented (chapter 3.4) and characterized properties, adsorption-desorption dynam-
ics for MOF-801 were simulated, as shown in figure 4-8, and used as a guideline for
selecting the optimum MOF layer thickness.
0.3
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Figure 4-8: Adsorption-desorption dynamics of MOF-801 in ambient air at
30% RH. Predicted adsorption-desorption dynamics with a packing porosity of 0.67,
desorption heat flux of 1 kW m 2 , natural convective heat transfer coefficient of 10 W
n- 2 K-1 , ambient temperature of 25*C, and thicknesses of 1, 3, and 5 mm. MOF-801
is initially equilibrated at 30% RH (25*C), and the partial vapor pressure rapidly
increased from 30% RH to 100% RH (at 25*C) for condensation/water harvesting at
25*C with a desorption heat flux of 1 kW m 2 . Durations of solar exposure for 1, 3, and
5 mm thick MOF layer are 0.8, 2.1, and 4 hours, respectively. After desorption, solar
exposure is stopped and the surrounding RH reverted to 30% RH for water adsorption
from air. The temperature profile of a 5 mm thick MOF layer is also shown. Based on
the predicted performance for the porosity of 0.67, the MOF layer thickness should be
~3 mm to enable complete saturation under the limited time window for adsorption
(approximately under 8 hours in 20-40% RH environment). For simplicity, constant
intracrystalline diffusion coefficient of 3E-17 m 2 s 1 is used for the simulation (Figure
4-7 C) and sufficiently fast air freestream velocity is assumed to keep the RH of 30%
at the MOF layer
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4.2.5 Synthesis and optical characterization of OTTI aerogel
The optically transparent and thermally insulating (OTTI) silica aerogel was synthe-
sized by sol-gel polymerization of tetramethyl orthosilicate (TMOS, 131903, Sigma
Aldrich), using an ammonia solution (NH 3, 2.0M in Methanol, 341428, Sigma Aldrich)
as a catalyst to promote both hydrolysis and condensation reactions [83, 84]. TMOS
was diluted by methanol (MeOH, 322415, Sigma Aldrich) followed by addition of NH 3
and water. The mixing molar ratio of chemicals was NH 3 :TMOS:water:methanol =
0.004:1:4:6. Then, the solution was gelled in a disposable polystyrene container. After
2 weeks, the container was dissolved away using acetone. The mother solvent was
replaced with ethanol (EtOH, 89234-848, VWR) to be prepared for critical point dry-
ing (CPD, model 931, Tousimis) as EtOH is miscible with liquid CO 2 . To dry the wet
gels in EtOH without cracks, it is important to dry them slowly to minimize capillary
pressure during the CPD process. A bleed rate of 100 psi/hr was used to decrease the
CPD chamber pressure from ~1300 psi to ambient pressure. After drying, the mono-
lithic aerogels were annealed at 400*C for 24 hours to maximize their transmittance.
The aerogel was cut to the final size using a laser cutter (Epilog Zing). Experimen-
tally measured solar transmittance and predicted thermal conductivity [85, 86], of
the 8 mm thick OTTI aerogel are shown in figure 4-9 A and B, respectively.
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Figure 4-9: Optical and thermophysical properties of OTTI aerogel. (a) Mea-
sured transmittance of an 8 mm thick aerogel sample using UV-Vis-NIR spectropho-
tometer (Cary 5000, Agilent). The AM1.5 solar spectrum is shown for comparison
(red line). The orange area represents the transmitted spectrum by the aerogel. The
solar weighted transmission of the sample is 94.5%. (b) Predicted thermal conductiv-
ity of an 8 mm thick aerogel sample. Contributions from radiation, solid conduction,
and gas convection are also shown. Courtesy of L. Zhao at M.I.T.
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4.3 Device fabrication and experimental procedure
4.3.1 Device fabrication
The adsorber layer was fabricated by first brazing a porous copper foam (-100 pores
per inch or ppi), 0.26 cm thick, onto a copper plate (5 cm x 5 cm x 0.17 cm). The
activated MOF-801 was infiltrated into this foam-plate structure by immersion drying
in a -50 wt.% aqueous dispersion. The copper foam provided structural rigidity and
helped intrinsically low thermal conductivity of the porous MOF. The layer was then
dried under vacuum for 4 hours at temperature of 70*C and the total mass dehydrated
MOF-801 was characterized to be 2.98 g. This corresponds to a packing density of
464 kg m-3 (dry) and a porosity of 0.67. In order to enhance solar absorption, the
back side of the adsorber was coated with Pyromark paint. This coating was optically
characterized using a UV-Vis-NIR spectrophotometer (Cary 5000, Agilent) and found
to have a solar-weighted absorptivity of -0.95.
The adsorber layer was then integrated into an enclosure constructed with acrylic
sheets (0.318 cm thick). The top face was designed with a cut-out, equal in size
to the adsorber layer (5 cm x 5 cm). and pilot holes to suspend the adsorber layer
with nylon strings. Any gaps found between the side walls of the adsorber layer
and the cut out were sealed with high temperature vacuum grease (Dow Corning).
In addition, a layer of transparent polyethylene wrap was stretched over the entire
top face and sealed against the side walls. Both these measures prevented leakage
of any desorbed vapor. Thermal insulation (white in color) was attached on all side
walls except the view port. The adsorber side was completed by placing a piece
of optically transparent and thermally insulating aerogel (OTTI) measuring 5 cm
x 5 cm x 1 cm. The bottom face of the enclosure was made with a 4 cm x 4 cm
cut-out to enable integration with a condenser assembly. The condenser assembly
comprised a 4 cm x 4 cm x 0.6 cm polished copper piece which was bonded with
high conductivity thermal epoxy (Omega Therm, Omega Engineering) to a heat pipe
heat sink (NH-L9x65, Noctua). The air-cooled heat sink, consists of a finned heat
pipe array with a fan which consumes ~0.9 W of electrical power to dissipate the
condensation heat. The finished device measured 7 cm x 7 cm x 3.2 cm (excluding the
heat sink, fan, insulation, and aerogel) and was mounted on a stage with adjustable
tilt to enable experiments under both global horizontal (no optical concentration, no
tilt) and normal irradiance (with optical concentration of 1.8x and tilt at elevation
angles of 55 to 75 degrees and azimuth angles of 100 to 180 degrees).
4.3.2 Experimental procedure
The water harvesting experiment comprised of two phases: night-time vapor ad-
sorption and day-time water harvesting and condensation. During vapor adsorption,
typically started at 20:00 hours local time (UTC/GMT - 7 hours), the adsorber layer
with its acrylic frame was mounted into cover of an air-tight food storage container
with the pyromark coated side up for night-time radiative cooling (figure 4-3). The
sides of the air-tight container were modified to fit a fan (0.9 W; 12 VDC) and
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enable cross flow of ambient air (vapor source). Two T-type thermocouple (5TC
series, Omega Engineering) were used to measure the temperature of the adsorber
layer during adsorption. In order to estimate the extent of radiative cooling and
ambient temperature, another T-type thermocouple was placed in the air stream of
another fan. Relative humidity measurements were made with a capacitive RH sensor
(RH820U, Omega Engineering). Transparent polyethylene wrap was used to suppress
convective heat loss on the black absorber side of the layer. Prior to the exposure to
the clear sky, the MOF layer was let it equilibrated to the ambient air by covering
the container cover with aluminum foil. Upon the exposure to the sky for radiative
cooling by removing the foil, an instant temperature drop of ~3 K below ambient was
observed, as shown in figure 4-10 A and B. Adsorption was allowed to occur overnight
and the sample was sealed into the device (between 06:00 and 07:00 hours local time)
to prevent undesired loss of water due to the RH swing.
The procedure for water release and condensation typically started between 10-
11:00 hours local time. In addition to the two T-type thermocouples embedded into
the adsorption layer, three additional T-type thermocouples were used to measure
temperatures: two for the copper condenser plate and one for the vapor space between
the adsorber layer and the condenser plate. Ambient humidity and temperature
conditions were recorded as described during the adsorption phase. The heat of
condensation was dissipated to the ambient through the heat sink and fan operating
at 0.9 W. The incoming solar irradiation (both global horizontal (GHI) and global
normal (GNI) irradiations) were measured with a pyranometer (LP02-C, Hukseflux).
The measured GNI was used to evaluate the DNI as: DNI = GNI - DI (diffuse
irradiance) according to the weather data available from a weather station in Tucson,
Arizona (available at NREL, SOLRMAP University of Arizona (OASIS)) for clear
days in May 2017. The ratio between the GNI and DNI was found to be 0.93 and
it matched well to an available correlation [871. The area ratio between the lens
and solar absorber surface was -2.5, however, the achieved optical concentration of
1.8x was due to transmittance loss of the lens and the square solar absorber area
being circumscribed by the circular concentrated solar irradiance (figure 4-4 A). The
actual optical concentration achieved with the concentrating lens was characterized
to be 1.8x for the focal distance during the outdoor experiments with a thermopile
detector (919P-040-50, Newport) and a solar simulator (92192, Newport Oriel). Solar
transmittance of the transparent polyethylene wrap, -0.93, was characterized with
the pyranometer under direct solar irradiance. Images were acquired with a digital
camera (EOS DS126211, Canon) to visualize the condensation process (figure 4-10).
At the end of desorption, the MOF layer and its acrylic frame were extracted from
the device to prevent re-adsorption of condensed water and isolated in an air-tight
box. The adsorber assembly was only removed in the evening time to restart the
adsorption phase for the next cycle.
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4.4 Representative water harvesting cycles
Five water harvesting cycles were performed between May 11-18, 2017 (Tempe, Ari-
zona, United States) with the same MOF layer. Prior to the first cycle, the MOF
layer was heated and dehydrated under direct solar radiation to -50'C and in an
ambient of 35'C and RH less than 20% for -1.5 hours. The experimental procedures
and measurement/instrumentation details are presented in Methods. We initiated
the water harvesting cycle around 20:00 hour local time. The absorber (black) side
was positioned to face the clear sky to enable passive radiative cooling, reducing
the MOF layer temperature below its ambient. Temperature drops of -3 K were
consistently observed throughout the adsorption phase of the five consecutive water
harvesting cycles. This reduction in temperature corresponds to a 5 to 7% increase
in effective RH experienced by the MOF layer. While the ambient vapor pressure
was constant in this case, the saturation pressure is now defined by the temperature
of the cooler adsorbent layer. After the overnight adsorption process, the MOF layer
was installed back into the device between 06:00 and 07:00 hours local time, before
the ambient RH started to decrease. The solar-assisted desorption phase of the wa-
ter harvesting cycle started typically between 10:00 and 11:00 hours local time. For
water harvesting cycles with non-concentrated solar irradiance, the global horizontal
irradiance (GHI) was measured directly using a pyranometer. Water harvesting cy-
cles with 1.8x optical concentration and direct normal irradiance (DNI) was achieved
by facing the sun, where the measured global normal irradiance (GNI) was used to
evaluate DNI for a clear day in Arizona, United States (see Methods). In addition,
the tilting of the device at the elevation angle of solar irradiance enhanced mass trans-
fer due to buoyancy-assisted transport and condensation of the hot desorbed vapor
(chapter 4.5). Due to the limited quantity of MOF-801 used in the device (-3 g),
accurate measurement of the quantity of harvested water was not possible, albeit we
expected ~0.75 g of water production. Therefore, we used validated computational
predictions (chapter 3) based on the measured conditions during the water harvest-
ing cycles (ambient and condenser temperatures, RH, and solar flux) to evaluate
deliverable water capacity (see chapter 4.5). Representative water harvesting cycles
without optical concentration (May 14-15, 2017) and with concentration (May 17-
18, 2017) with the associated temperature profiles (MOF layer, environmental, dew
point, and condenser), solar flux, and RH measurements are shown in figure 4-10 A
and B, respectively. In both figures, the upper abscissa indicates the measured RH
at the local time of day (lower abscissa). The radiative cooling during the adsorption
phase (between ~20:00 and 06:00 hours) is also shown. During the desorption phase
(starting between -10:00 and 11:00 hours the next day), the MOF layer temperature
increased when exposed to incoming solar irradiation. Images taken during this phase
are shown in figure 4-10 C and D. The desorption started immediately following ex-
posure to the solar irradiation and water condensation was observed on both the view
port (fogging) and the condenser. The amount of fogging reduced over time as the
enclosure walls and the air-vapor mixture inside the device heated up.
For the cycles carried out with optical concentration, the higher desorption tem-
peratures (or desorption driving potential), can be inferred from figure 4-10 B. In
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addition, the rate of regeneration was significantly faster than the predictions (see
chapter 4.5 and figure 4-13) due to buoyancy-assisted vapor transport during conden-
sation (as the stage was tilted and faced the sun at the elevation and azimuth angles).
The higher desorption temperatures associated with the concentrated case enabled
complete desorption and this can be qualitatively deduced from the change in slope
of the adsorber temperature in figure 4-10 B (~11:45 local time). After complete
desorption, most of the incident solar energy was available for sensible temperature
rise leading to the slope change.
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Figure 4-10: Representative water harvesting test results (cycles 2 and 5).(A)-(B) Representative temperature profiles (environmental, MOF layer, dew point,
and condenser) and solar flux (global horizontal irradiance (GHI) or direct normal
irradiance (DNI)) as a function of local time for representative non-concentrated(Cycle 2, May 14-15, 2017) and concentrated with 1.8x (Cycle 5, May 17-18, 2017)
cycles, respectively. (C)-(D) Representative photos illustrating droplet condensation
on the copper plate condenser (4 cm by 4 cm) during the water harvesting process as a
function of local time for representative non-concentrated (cycle 2) and concentrated(cycle 5) cycles, respectively. Shortly after the solar exposure, the view port fogged
up due to condensation of desorbed vapor for both cycles. Thermocouples (TCs)
measuring the condenser, air gap, and the MOF layer temperatures are also shown.
Due to the higher solar flux with the concentration, the rate of temperature increase
of the MOF layer was significantly faster than the non-concentrated cycle, reducing
the time required for desorption. The temperature slope change at -11:45 local time
indicates near completion of desorption. The predicted amount of harvested water
for the non-concentrated (cycle 2) and concentrated (cycle 5) cycles were -0.12 L
and -0.28 L per kg of MOF, respectively. Scale bars are 1 cm.
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4.4.1 Prediction of harvested water
High-fidelity computational simulations based on the characteristics of MOF-801 (fig-
ures 4-12 and 4-13) were used to predict the water harvesting capacity of the de-
vice. Experimentally-measured ambient and condenser temperatures, solar flux, and
RHs were used for the initial and boundary conditions. For the representative non-
concentrated cycle (cycle 2), -0.12 L of water per kg of MOF-801 was delivered
following saturation at 40% RH (equilibrium uptake of ~0.28 kg kg-'). From the
equilibrium considerations presented in figure 4-2 B, after the desorption phase, the
residual uptake at -13% RH (adsorber at 74'C and Psat of 37 kPa; condenser at 33*C
and Psat of 5 kPa) was ~0.09 kg kg-1, leading to a net water production capacity
of ~0.19 L kg-1 (liters per kg of MOF). However, due to the kinetic limitations, the
residual uptake at the end of the desorption was predicted to be only -0.16 kg kg-1,
leading to ~0.12 L kg-' water production capacity. The kinetic limitations are dic-
tated by intra/intercrystalline diffusion within the MOF layer as well as the vapor
diffusion between the MOF layer and condenser. Similarly, for a representative cycle
with an optical concentration of 1.8x (cycle 5), an adsorber temperature of -100'C
(Psat of 101 kPa) and a condenser temperature of 33*C (Pat of 5 kPa), the water
production capacity was predicted to be -0.28 L kg'. This prediction is consistent
with the estimate from the simulation (figure 4-13). Here, the kinetic limitations were
overcome by the higher adsorber temperature as well as the buoyancy-assisted vapor
transport during condensation.
As a result of the optical concentration and tilting of the device, we predicted a
thermal efficiency gain of -5x in comparison to the non-concentrated cycle. Accord-
ingly, with the concentration, the thermal efficiency was -14% with input solar energy
(product of DNI and optical concentration; herein, DNI was -93% of GNI for the test
location) and was -3% for the non-concentrated cycle with GHI. The present device
configuration and ambient conditions can deliver over -0.34 L m-2 cycle' (liters per
m2 of MOF layer base area per cycle) with the 1.8x solar concentration.
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4.5 Water harvesting cycles and prediction details
Computational simulations were carried out using COMSOL Multiphysics to evaluate
the extent of regeneration during the solar-assisted water harvesting (figures 4-12 and
4-13). Temperature (MOF layer, environmental, dew point, and condenser) and solar
flux profiles, and photos of condensed droplets of the water harvesting (adsorption-
desorption) cycles for the cycle numbers 1, 3, and 4 are shown in figure 4-11. Note
that cycles 1 to 3 were carried out under global horizontal irradiance (GHI), and
cycles 4 and 5 were carried out with 1.8x optical concentration with direct normal
irradiance (DNI). For the cycle 4 and 5, due to buoyancy-assisted condensation with
tilting of the stage, the regeneration was significantly faster than the predictions as
evident in the change in temperature slope shown in figure 4-13 after -45 minutes of
desorption.
For the non-concentrated cycle number 2, thermal efficiency (thermal, equation
3.1) is predicted to be -3% (with GHI) and for the concentrated cycle number 5,
thermal is predicted to be ~14% (with GNI times optical concentration of 1.8x). The
efficiency for the concentrated cycle was evaluated on the basis of the time at which a
change in the slope of the MOF temperature was observed. Despite the near complete
desorption, at the time of the slope change, the simulation predicts -0.1 kg kg1 of
residual uptake (figure 4-13). This is due to fact that the simulation does not take into
account the enhanced vapor transport due to buoyancy. Furthermore, the enhanced
rate of desorption driven by the enhanced vapor transport (lower interface vapor
pressure) is evident from the lower MOF layer temperature observed in comparison to
the simulations. This can also be qualitatively deduced from the significantly greater
amount of water condensation on the viewport compared to the non-concentrated
cycles.
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Figure 4-11: Water harvesting cycles
ature profiles (environmental, MOF layer,
(global horizontal irradiance (GHI)) as a
1, 3, and 4. (A) Representative temper-
dew point, and condenser) and solar flux
function of local time for the cycle 1. (B)
Representative photos illustrating droplet condensation on the copper condenser (4
cm by 4 cm) during desorption process as a function of local time for the cycle 1. (C)
and (D), and (E) and (F) represent temperature profiles, solar flux (GHI for cycle 3
and direct normal irradiance (DNI) for cycle 4), and representative photos of droplet
condensation for cycle number 3 and 4, respectively. Cycle 4 was carried out under
DNI with optical concentration of 1.8x. Scale bars are 1 cm.
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Figure 4-12: Computational predictions of non- concentrated water harvest-
ing cycles. (A)-(C) Temperature profiles [Experimental (red solid line); predicted
(red dotted line)], heat flux for desorption [(solar flux) *(optical and absorptance loss)],
and predicted vapor uptake during the water harvesting as a function of time of day
for cycles 1, 2, and 3, respectively. For cycle 1, an initial equilibrium RH of 55%, and
for cycles 2 and 3, an initial RH of 40% was assumed based on the RH and radiative
cooling measurements shown in figures 4-10 and 4-11. For simplicity, a constant in-
tracrystalline diffusion coefficient of 1.2E-16 m 2 s-1 was used for the simulation (figure
4-7 D)
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Figure 4-13: Computational predictions of concentrated water harvest-
ing cycles. (a)-(b) Temperature profiles [Experimental (red solid line); predicted
(red dotted line)], heat flux for desorption [(solar flux)*(optical and absorptance
loss)*(optical concentration)], and predicted vapor uptake during water harvesting
as a function of time of day for cycles 4 and 5, respectively. For both cycles, an initial
equilibrium RH of 40% was assumed based on the RH and radiative cooling mea-
surements shown in figures 4-10 and 4-11. For simplicity, a constant intracrystalline
diffusion coefficient of 1.2E-16 m2 s-1 was used for the simulation (figure 4-7 D)
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4.6 Water quality analysis
Though hydrothermal stability of MOF-801 has been extensively studied and well-
established [221, we quantitatively characterized the quality of the harvested water
using a bench-top adsorption cycling system that enables sufficient water collection
(figure 4-14). Results from inductively coupled plasma-mass spectroscopy (ICP-MS)
analysis indicate that the zirconium concentration in the water was found to be less
than 1 ppb (parts per billion). In addition, the harvested water was analyzed us-
ing infrared spectroscopy and evidence of organic linkers (fumarate) was not found,
indicating that the compositions from MOF-801 did not contaminate the harvested
water (figures 4-15 and 4-16).
4.6.1 Water collection apparatus
In order to quantitatively characterize the harvested water, a bench-top adsorption
cycling system was constructed. A schematic of the water collection apparatus for
ICP-MS and FT-IR analyses is shown in figure 4-14 A. The system consists of five
main components, namely, adsorption and condenser chambers, a glass flask which
serves as a reservoir for HPLC water (OmniSolv HPLC grade water, VWR), two tem-
perature controlled thermoelectric stages (CP-200HT-TT, TE Tech), and a vacuum
pump. The adsorption and condenser chamber were custom designed copper vacuum
chambers (2 cm x 2 cm x 1 cm) with a removable lid. The adsorption chamber ad-
ditionally had a layer of copper foam (2 cm x 2 cm x 0.8 cm) brazed to the bottom,
which was infiltrated with activated MOF-801 (~1.5 g). These chambers were indi-
vidually placed in thermal contact with a temperature controlled thermoelectric stage
which allowed for continuous cycling. Thermocouples (5TC series, Omega Engineer-
ing) were inserted into pilot holes made in the side walls of the copper chambers.
For cycling, a pair of electronically controlled vacuum valves were used to link the
adsorbent chamber to either the water reservoir during adsorption or the condenser
chamber during desorption.
The adsorption-desorption cycles were performed under evacuated conditions to
enable efficient transport of vapor across distances of ~0.5 m through the hoses and
valves as shown in Figure S11. The water in the glass flask was first degassed to remove
non-condensable gases by connecting it to the vacuum pump and freezing the water.
The flask was then heated to melt the ice under evacuation and reduce the solubility
of non-condensable gases. This cycle was repeated three times. The adsorption and
condenser chambers were heated to 60*C for 2 hours under evacuated conditions to
ensure there was no residual water in the system. The cycling experiments started
with the adsorption phase, where the water reservoir was exposed to the adsorbent
chamber. The dry adsorbent triggers evaporation and generated vapor was adsorbed.
During adsorption, the chamber was held at a constant temperature of 30 "C to extract
the adsorption heat as well as prevent any condensation of vapor from the reservoir
kept at -20'C. After complete adsorption (~40 minutes), the adsorption chamber
was isolated from the water reservoir and exposed to the condenser chamber. The
thermoelectric stage of the adsorption chamber was programmed to ramp up to 60*C
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at this stage while the condenser stage was always maintained at 0.5 C. The desorption
was allowed to continue for 40 minutes at the end of which the adsorption chamber
was opened to the reservoir and simultaneously cooled to 30 C for the next cycle.
Representative temperature and pressure profiles for a desorption-adsorption cycle are
shown in figure 4-14 B. This cycle was repeated 18 times and about 8 g of condensed
water was collected (i.e., -0.3 L of water per kg of MOF per cycle).
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Figure 4-14: Water collection apparatus. (A) Schematic of water collection ap-
paratus with MOF-801 layer. (B) Representative temperature (MOF chamber and
condenser chamber) and pressure profile (MOF chamber) for a desorption-adsorption
cycle as a function of time.
4.6.2 ICP-MS and FT-IR analysis of collected water
The HPLC grade water from the reservoir was used as a control sample. The con-
centration of potentially contaminant elements was analyzed using an inductively
coupled plasma - mass spectroscopy system (ICP-MS, Agilent 7900, 68403 A). Both
the harvested water and control sample were analyzed for the following elements: iron
(from tubes/hoses), copper (from foam, chambers, and braze), silver, indium (both
from braze), and zirconium (from MOF compound). Results shown in figure 4-15
indicate that zirconium concentration in both the collected and control water was
found to be indistinguishable and less than 1 ppb (part per billion), indicating that
the metal ions (Zr) from MOF-801 did not leach the harvested water. The largest
difference in composition was found in concentrations of iron and copper (which are
both absent in MOF-801 compound) due to oxidation reactions occurring during the
cycling experiments. While the concentration of iron (~3 ppb) in the harvested water
was negligible, the concentration of copper (-2.6 ppm) can be eliminated through
material choices. Copper was chosen in this study for its high thermal conductivity
and ease of machinability (i.e., milling and fabrication of chambers), which enabled an
isothermal condenser. In a practical system, we envision the use of galvanized steel as
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a candidate material for the condenser and thermal binder. In addition, FT-IR spec-
tra (figure 4-16) of control water (HPLC grade) and collected water from MOF-801
were collected in-house using a Bruker ALPHA Platinum ATR-FT-IR Spectrometer
equipped with a single reflection diamond ATR module. The FT-IR spectra indicated
that signature of organic linkers (fumaric acid) was absent.
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Figure 4-15: ICP-MS analysis of control water (HPLC) and water collected
from MOF-801 (MOF). Iron (Fe; 56), copper (Cu; 63), zirconium (Zr; 90 and
91), silver (Ag; 107), and indium (In; 115) concentrations were analyzed. Zirconium,
silver, and indium concentrations in both HPLC and MOF samples were found to be
less than 1 ppb (part per billion), indicating that the compositions from MOF-801
did not contaminate the harvested water. Iron concentrations in the harvested water
(MOF) and control water (HPLC) were ~3 ppb and less than 1 ppb, respectively.
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Figure 4-16: Comparison of FT-IR spectra (transmittance as a function of
wavenumber) for solid fumaric acid, HPLC grade water (HPLC), and water collected
from MOF-801 (MOF). Courtesy of E.A. Kapustin at UC Berkeley.
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4.7 Thermal analysis for passive operation
Our proposed approach can harvest water solely based on solar-thermal energy with-
out any additional input of electrical energy (i.e., in a passive manner) for remote/arid
climates. In this section, we present thermal analysis which shows that complete pas-
sive solar-thermal operation is realistic without any additional input of energy.
First, night-time adsorption and the processing of air can be managed through the
natural flow of air encountered in open areas (wind). For instance, for the representa-
tive conditions for our experiments (30% RH and 25 "C) during night-time adsorption,
the water content in air is approximately 0.006 kg of water per kg of air. Assuming
the MOF layer is freely exposed to the natural flow of air at a calm wind speed of
0.3 m/s flowing onto the layer, the incident vapor flux at this condition is 0.003 kg
m-2 s1 (or 10.8 kg m-2 hour-'). For the optimized MOF layer porosity (0.67) and
thickness (~3 mm) from figure 4-8, the amount of MOF-801 is ~1.4 kg per m2 . The
average flux of vapor adsorption shown in figure 4-8 is -2E-5 kg m-2 s-'. The approx-
imately two orders of magnitude difference between the incident vapor and the vapor
adsorption flux confirms that the natural flow of air is sufficient to ensure complete
night-time adsorption.
During day-time operation, the dissipation of heat from the condenser to the ambi-
ent can also be managed by passive means of buoyant convection and the natural flow
of air. Though, it is a common practice to assume ambient temperature condensers
for thermodynamic analysis, we show a simple analysis to indicate that passive oper-
ation is possible. We start by developing an energy balance during the steady-state
operation which can be expressed as
Qdissipation Qcondensation + Qgain (4.1)
where Qdissipation is the rate of heat dissipation from a finned heat sink to the ambient,
Qcondensation is the rate of heat released during the condensation of water, and Qgain
is the rate of heat addition from the MOF layer to the condenser. Equation 4.1 can
be expressed as
hdissipationA heat sin k (Tcondenser -Tambient) = 7hwater hfg+hgain Acondenser (TMOF -Tcondenser)
(4.2)
In equation 4.2, h, A, and T are the heat transfer coefficient in W m-2 K-1, heat
transfer area in m2 , and temperature, respectively. Thwater is the rate of condensa-
tion. Here, we assume an equal area of the MOF layer and condenser. In order to
estimate the required heat transfer coefficient (hdissipation) to enable passive operation,
we assume a reasonable area ratio (Aheatsink/Acondenser) of 20 [881, and a temperature
difference of 5 K between the condenser and the ambient. rfwater is estimated based
on complete desorption in 1 hour (~1E-4 kg m-2 s-1 or ~0.36 L m-2 hour-'). Based on
the experimentally measured temperatures shown in figure 4-10 B, for TMOFl100C,
Tambient=i3 0 C and hgainz=O W m-2 K', Tcondenser can be maintained at 40'C with an
hdissipation of only -10 W m-2 K-1. This confirms that passive operation is achievable
with buoyant convection and the naturally occurring flow of air.
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4.8 Summary and discussion
In this chapter, demonstration of an optimized atmospheric water harvesting device
based on MOF-801 is discussed. This device was optimized based on the considera-
tions discussed in chapter 3. Thermal efficiency of -14% was experimentally demon-
strated with a solar optical concentration of 1.8x under the conditions where the
operation of state-of-art dewing-based AWGs is infeasible. While there are still scope
for further improvements, such as selecting even steeper stepwise isotherm MOF, this
efficiency demonstration is a first of its kind for atmospheric water harvesting device
under exceptionally dry conditions.
The concept of using night-time radiative cooling to increase the effective RH
experienced by the adsorber layer was also introduced and discussed in this work. This
approach opens possibilities to use MOFs, such as MOF-841 [21] or Co 2Cl2BTDD [36]
with adsorption step located at 25-30% RH, which have higher water uptake values
and need even lower regeneration temperatures can be used in climates which offer
-20% RH for adsorption.
While the chosen MOF-801 in this study can deliver -0.34 L m-2 cycle-1 (or
-0.25 L kg-1 cycle-1), further improvements can be realized with the development
of new adsorbents. For instance, with an identical device design and optimization,
a cobalt-based MOF (Co 2 Cl2 BTDD) with an adsorption capacity greater than 0.8
kg kg-1 at -30% RH can lead to -1 L m-2 cycle-1 of water output. While sorp-
tion kinetics of this MOF is relatively slower than MOF-801, we envision that the
development of new adsorbents with enhanced sorption capacities and kinetics can
ultimately lead to a significant increase in water harvesting output. Passive operation
can be enabled with concentrating thermal energy with larger absorber areas [82 or
with stationary reflectors 1811 which eliminates the need for solar tracking (also see
chapter 4.7). Furthermore, considerations presented in this work can be extended to
a higher output system by integrating multi-layer adsorbent stacks into a compact
bed-type architecture [25, 89, 90], common to many classes of adsorption systems.
The merit of the bed-type architecture is that in addition to solar-thermal, waste
heat or low-infrastructure sources of energy such as biomass can be used to drive the
desorption process (eliminating the need for a planar adsorber). While such a system
configuration can enable higher output, the limitation of this approach is the need
for auxiliary components (e.g., pumps) and higher system complexity to efficiently
route the thermal energy to the various layers in the bed. The required heat storage
capacity and source temperatures would need to be determined based on the required
temperature difference between the adsorber and the condenser, which can be inferred
from the adsorption isotherm. This demonstration in an exceptionally arid climate
indicates that adsorption-based water harvesting strategy is a promising solution to
solve water scarcity in these regions.
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Chapter 5
Adsorption-based thermophysical
battery for storage-based climate
control: Generation 1,
proof-of- concept
Climate control applications account for a significant portion of energy consumption
in buildings and transportation sectors. Thermally-driven climate control can play an
important role if abundantly available low-grade heat sources can be utilized. In this
chapter, the concept of an adsorption-based thermophysical battery, which operates
by adsorption of vapor into porous adsorbent to provide heating and cooling is dis-
cussed. With the adsorption-desorption and evaporation-condensation mechanisms,
the thermophysical battery can be a high-power density and rechargeable thermal en-
ergy storage system. A detailed computational framework discussed in chapter 3 was
used to predict and optimize its cyclic performance. In addition, a proof-of-concept
prototype was constructed and characterized using a commercial type I zeolite 13X
(NaX)-water pair, to demonstrate the feasibility of this concept. Our demonstration
indicates that the thermophysical battery is competitive with the state-of-the-art cli-
mate control systems while indicating possible utilization of low-grade heat sources.
In addition, with the development of novel adsorbents, the thermophysical battery
can achieve significantly higher power and energy densities. Compact, light-weight,
and thermally-driven thermophysical battery can offer a promising option to address
the challenges associated with the rising demand in climate control.
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5.1 Background: Thermal energy storage
Thermal energy storage materials/systems can be broadly classified as (i) thermo-
chemical, (ii) thermophysical, or (iii) combination of both [2]. The character-
istic energy densities of these thermal energy storage mechanisms are different. While
the energy densities of thermochemical approaches by means of chemical reaction is
high, the thermal energy densities of thermophysical approaches (i.e., phase-change
[91, 92] and sensible heat [93]) are low and often suffer from heat losses. Sorption-
based approach, involving chemi/ad-sorption of gaseous species into a condensing
medium, can either be thermochemical (i.e., chemisorption) or thermophysical (i.e.,
physisorption), consequently, can provide wide range of storage densities with negligi-
ble heat losses. While chemisorption impose several limitations towards the thermal
energy storages (e.g., high source temperature requirement) [94, 95], relatively lower
energy density adsorption can be more readily adopted and can take advantage of
abundantly available low-grade heat sources [3, 4, 5]. For climate control applications,
sorption-based approach is more suitable as designed to operate continuously/cycli-
cally with a heat input. Despite these advantages, commercial adsorption climate
control systems has been bulky, adopting them for portable and mobile applications
has been challenged. Development and optimization of compact, light-weight, and
high energy density adsorption-based thermal energy systems can be a promising op-
tion to provide climate control in buildings and transportation sectors with a heat
input from low-grade heat sources.
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5.2 Working principles of thermophysical battery for
climate control
The working principle of the thermophysical battery for heating, cooling, and regen-
eration is illustrated in figure 5-1. The components capable of providing heating and
cooling are labeled as the adsorption bed unit (ABU) and the evaporator-condenser
unit (ECU) (figure 5-1). The mechanisms for cooling and heating are endothermic
evaporation and exothermic adsorption, respectively.
Once fully-charged, the thermophysical battery with the ABU and ECU is initially
at thermodynamic states 1 and 3, respectively. During discharging, by allowing the
vapor transport from the ECU to the ABU (figure 5-1), heat is supplied to the ECU
due to the enthalpy of evaporation, and heat is released at the ABU with the enthalpy
of adsorption. Consequently, the ABU and ECU undergo state changes from states 1
to 2, and 3 to 4, respectively. This transition is facilitated by vapor transport driven by
a concentration gradient and rate of adsorption, allowing vapor molecules to transport
from the high vapor concentration ECU to the low vapor concentration ABU. In
order to sustain this process, the ABU is designed to provide a high vapor storage
capacity along with optimal rate of adsorption. With both evaporation and adsorption
processes taking place, vapor transport is sustained while the concentration gradient
is maintained due to adsorption. Over a course of a cycle, ABU is saturated with the
vapor, leading to discharge. This corresponds to a vapor-saturated ABU (state 2),
and a depleted ECU (state 4).
The thermophysical battery is recharged by providing the heat of desorption at the
ABU, which results in desorption and transport of vapor back to the ECU. The vapor
entering the ECU condenses by releasing the heat of condensation. Consequently,
during recharge, the ABU and ECU undergo state changes from states 2 to 1, and 4
to 3, respectively. The process is carried out until the ABU is desorbed and the ECU
is refilled with the refrigerant, returning to the initial conditions. Thermodynamic
cycle representing the operation of the adsorption-based thermophysical battery is
shown in (figure 5-2).
A wide range of heat sources can be used for recharge/regeneration, including
solar-thermal, geothermal, combustion heat, and exhaust or waste-heat from indus-
tries and automobiles. Unlike the atmospheric water harvesting application discussed
in chapters 3 and 4, type I sorption characteristic (e.g., zeolite 13X) is desirable to
provide both heating and cooling on demand.
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Figure 5-1: Working principle of adsorption-based thermophysical battery.
To provide cooling or heating, the thermophysical battery is operated by cycling the
ABU between the thermodynamic states 1 and 2, and the ECU between states 3 and 4.
A fully-charged thermophysical battery consists of the ABU at thermodynamic state
1 and the refrigerant-filled ECU at state 3. Discharging process takes place with the
ABU undergoing adsorption, and the ECU undergoing evaporation, until the ABU
is saturated with the refrigerant at state 2, and the ECU is empty at state 4. The
recharging is done by providing thermal energy or heat to ABU, causing refrigerant
desorption. Desorbed refrigerant is then condenses in the ECU. The condensation
heat in ECU during recharge can be rejected to the ambient. As a result, the ABU
and ECU transition back from thermodynamic states 2 and 4 to 1 and 3, respectively,
returning to the fully-charged state.
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Figure 5-2: Thermodynamic cycle of an adsorption-based thermophysical
battery. Where Teap, Pevap, Tcond, and Pcond are the evaporator temperature and
pressure, and condenser temperature and pressure, respectively. During the system
operation, the temperature of the adsorbent varies between T and Td (e.g., 60 to
100'C) and the pressure is set by the evaporator saturation temperature, unless there
is a large pressure drop between the adsorbent and evaporator. During the system
regeneration, the temperature of the adsorbent varies between T and T, (e.g., 100
to 250*C) and the pressure is set by the condenser saturation temperature. Qevapdenotes the heat input to the evaporator (cooling) during the operation, and Qcond
is the heat output from the condenser during the regeneration process. Qadsorb is the
heat released via adsorption process (heating), and Qdesorb is the heat input into the
adsorbent during the regeneration process.
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5.3 Design and operation of thermophysical battery
In order to optimally provide heating or cooling, the thermophysical battery is inter-
faced with the ambient and the enclosure with heat exchangers. The thermophysical
battery is discharged as follows. The valves connecting the ECU and ABU are opened,
causing evaporation (cooling) and adsorption (heating) of refrigerant, as shown in fig-
ure 5-3 A. For heating mode, the ABU is interfaced with the enclosure (or cabin) with
a heat exchanger and coolant fluid transfers heat between them. And ECU is inter-
faced with ambient, receiving heat for evaporation by another loop of coolant fluid.
After ABU is saturated with refrigerant, ABU is heated with attached heaters or
available thermal energy, causing desorption. Desorbed vapor is then condensed in
the ECU (figure 5-3 B) interfaced with the ambient by heat exchanger and coolant
loop. If the remaining sensible heat from ABU desorption is utilized for heating,
even higher heating storage capacity can be obtained. After recharging/regeneration
process, valve connecting ABU and ECU is closed. Opening the valve will execute
consecutive heating or cooling cycle. There are two working fluids, refrigerant and
coolant. The refrigerant undergoes evaporation/condensation in the ECU, and ad-
sorption/desorption in the ABU. On the other hand, the coolant is a heat transfer
fluid, which facilitates thermal transport between various components of the system.
For the proof-of-concept prototype discussed in this chapter, water is used for both
refrigerant and coolant, and heater is used for charging/regeneration process. For the
second generation prototype discussed in chapter 6, glycol-water mixture is used for
the coolant due to its anti-freezing characteristic.
Both ABU and ECU are designed and optimized to maximize vapor and thermal
transport, and minimize the overall volume. The ECU is constructed to operate as an
evaporator and condenser. The ECU is made of two helical coolant lines connected
in series and placed at different elevations within the ECU enclosure. The lower
helical line is submerged in the refrigerant pool (water) while the upper helical line is
located in the vapor space. The submerged coolant line is used for generating vapor
during discharge, and the upper coolant line is used for condensation of vapor during
recharge/regeneration.
The detailed design of the ABU with characteristic dimensions of the sub-components
is shown in figure 5-3 D. The ABU was constructed using the commercial adsorbent
zeolite 13X (NaX). To promote vapor and thermal transport, the ABU consists of
uniformly-spaced thin double-sided adsorbent stacks with 2 mm thickness, which are
interfaced with the coolant lines. The small spacing between consecutive stacks mini-
mizes the ABU volume while allowing vapor transport. The thickness and the density
of the stacks were carefully chosen to provide maximum energy and optimal power
density while ensuring sufficient vapor transport across the stacks [391. A single stack
of the ABU in the first prototype consists of two adsorption layers closely interfaced
on both sides of an aluminum fin. Each adsorbent layer is a composite structure
made by infusing NaX zeolite into porous (porosity -0.95) conductive copper foam.
This ensures thermal transport across the adsorption layer and to the aluminum fin.
Thermal energy transported to the aluminum fin from adsorption is then dissipated
by coolant copper tubes integrated with the fin. The ABU stacks measure 160 mm
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x 80 mm x 4 mm, with each stack
interface with the coolant tubes.
containing eight cavities of 10 mm diameter to
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Figure 5-3: Schematic of adsorption-based thermophysical battery. (A) Dis-
charge mode. Heat is absorbed in the ECU due to refrigerant evaporation and gener-
ated in the ABU due to adsorption of gaseous refrigerant. (B) Recharge mode. Heat
is provided to the ABU for refrigerant desorption and heat is rejected from the ECU
due to refrigerant condensation. (C) The ABU consists of multiple adsorbent stacks
interfaced with coolant lines and heaters for desorption. The ECU consists of helical
copper tube evaporator and condenser for evaporation/condensation processes. De-
tailed ABU and ECU geometry is shown in cross-sectional views (section A-A). (D)
Geometric characteristics of ABU stacks are shown.
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5.4 Fabrication of thermophysical battery
ABU bed was fabricated to demonstrate the operation of the thermophysical battery
and characterize system performance (figure 5-4). To demonstrate the concept, the
ABU was constructed using zeolite 13X, and the ECU was filled with deionized and
degassed water as the refrigerant. Coolant lines were filled with water. Other options
for a coolant fluid are ethylene glycol or a mixture of water and ethylene glycol, which
is used for the second generation prototype (chapter 6).
r7 AMBIENT HEAT EXCHANGE
UNABUJN ABU,OUT
ECU,OUT ECU,IN
ECU +
TEMPERATURE CONT.
O Mass Flow Sensor 4 Coolant Pump
Temperature sensor 9 Flow Control Valve
Pressure Sensor - Coolant Flow Lines
Figure 5-4: The experimental test bed constructed to demonstrate the con-
cept of the thermophysical battery. Location of temperature (T), pressure (P),
and flow (M) sensors are labeled. A recirculating temperature bath was used as a
temperature controller to provide coolant at desired temperature to the ECU. An
air-cooled heat exchanger was used to dissipate generated heat from the ABU to the
ambient.
5.4.1 Fabrication of ABU Stacks
Fabrication of adsorption stacks composed of two adsorption layers and a metallic fin
is an important process for the fabrication of the adsorption bed for the thermophys-
ical battery. Each adsorption layer can be made out of copper-foam and zeolite 13X
following zeolite infiltration process in zeolite-water mixture (50:50 weight ratio). The
metallic foam serves as a mechanical and thermal binder as it holds the adsorbent
within pores and provides an effective thermal conductivity close to -4 W m1 K-1.
Prior to the infiltration process, each copper foam (2 mm thick with porosity
~95%) was machined to create eight holes for coolant lines, as shown in figure 5-5 A.
Then two foams were attached on each side of a metallic fin, which is shown in figure
5-5 B, using a thermal epoxy (Duralco 133, Cotronics Corp.). To ensure good contact
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between the foam and fin, the stacks were gently clamped between two flat and rigid
aluminum plates during the epoxy curing process. Following the fabrication process
for making composite layer of a single stack, 200 stacks were fabricated.
The formation of copper oxide due to oxidation on the surface of the copper foam
was observed during the epoxy curing process at 130'C for 3 to 4-hours (see figure 5-5
C). The copper oxide can potentially adsorb organic impurities from the environment,
making the surface less hydrophilic. However, a hydrophilic property is essential for
the zeolite infiltration process since the majority of the suspension is pure water.
Thus, each stack is cleaned with 2% nitric acid solution for 5 seconds and washed
with plenty of water to remove the surface oxide. Images shown in figure 5-5 C and D
compare the foam before and after the cleaning process of a stack using the 2% nitric
acid solution. The copper foams were then used to create adsorption stacks following
the infiltration process, as shown in figure 5-5 E. Zeolite infiltration process is done
by first preparing the zeolite suspension with DI water. It was observed that wetting
the foam with water or ethanol prior to immersion of the foam in the suspension
improves zeolite impregnation within the foam. Immersing the metallic foam into
the suspension and removing the excess solvent by applying heat, produces a packed
zeolite composite within the metallic foam with a dehydrated density of 500 to 600 kg
m-3. Note that the crystal density of zeolite 13X is 1470 kg m-3 [96] and, consequently,
packing porosity of each stack based on 500 to 600 kg m-3 density is 0.59 to 0.66.
s em
(a) (b) (c) (d) (e)
Figure 5-5: ABU stack fabrication process: (A) copper foam (160 mm x 80
mm x 2 mm) with coolant cavities (12 mm diameter), (B) aluminum fin (160 mm
x 80 mm x 0.5 mm) with coolant cavities (10 mm diameter), (C) adhesive bonding
of copper layers with aluminum fin at elevated temperature using a thermal epoxy,
(D) treatment of bonded stacks with 2 wt.% nitric acid to increase hydrophilicity
prior to adsorbent infiltration, and (E) fabricated double-sided adsorbent stack after
zeolite 13X infiltration in water suspension. Average packing density (dehydrated)
was characterized to be around 500-600 kg m-3 . The crystal density of zeolite 13X is
1470 kg m-3 [96]
The infiltrated adsorbent stacks are then interfaced with coolant lines to facilitate
heat dissipation during the operation. This process is crucial since it can significantly
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affect the system performance due to the variation in overall thermal resistance. Con-
sequently, we adopted a well-established fabrication technique to interface coolant
lines with metallic fins structures, which is currently used in the heat-exchanger in-
dustry. In this procedure, the coolant pipes are expanded radially to obtain a good
contact with the adsorption stacks, ensuring efficient heat dissipation. Figure 5-6
shows a top-view of adsorption stacks formed with the coolant lines.
ABU Front View Top Section View Top View
10 MM
Figure 5-6: Top view of the interface of the ABU stacks with coolant lines.
5.4.2 Design and construction of thermophysical battery for
experimental characterization
The detailed design of the enclosure housing for the ABU (is shown in figure 5-7).
Figure 5-7 shows the interface with temperature and pressure sensors. Photo of the
integrated ABU and ECU is shown in figure 5-8. Flexible bellows tubings are used to
connect ABU with liquid feedthrough ports and also to the external heat exchanger.
Wide vapor port ensures sufficient transport of vapor between the ABU and ECU. The
enclosure is equipped with several temperature (5TC-GG-J-20-36, Omega), pressure
(PX409, Omega), and flow sensors (EW-98516-90, Cole-Palmer) to characterize the
systematic performance of the thermophysical battery prototype.
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Adsorbent
Stacks
Figure 5-7: CAD design of ABU. A computer-aided design (CAD) showing the
internal structure of the ABU and the external connectors to interface with the coolant
lines, temperature and pressure sensors. The top cover of the ABU, which seals the
ABU from the ambient is not shown for clarity. Courtesy of A.S. Umans of MIT.
ABU
ECU
Figure 5-8: Photos and schematic of integrated ABU and ECU. Helical copper
coils serve as condenser (top) and evaporator (bottom) for the ECU. In the ABU,
flexible bellows tubings are used to connect ABU coolant lines to liquid feedthroughs.
Each ABU block consists of ~100 double-sided adsorbent stacks, each interfaced
with eight coolant lines. Mass of specific components in the thermophysical battery
prototype: zeolite 13X (~5 kg), copper foam binder (4.5 kg), aluminum fin (2.4 kg),
water (1.8 kg), Copper coolant tubings (ABU, 4.6 kg; ECU, 1.7 kg). Volume: Zeolite
13X stacks (10.9 L), water (1.8 L)
111
5.5 Experimental characterization
5.5.1 Characterization of sorption properties of zeolite 13X-
water
The vapor adsorption isotherm of zeolite 13X, measured using an adsorption analyzer
(DVS Vacuum-1, Surface measurement systems, Alperton, UK) is shown in figure
5-9. This typical type I isotherm is fitted with classical Bubinin-Radushkevich (D-
R) equation shown below, in order to estimate sorption characteristics in various
operating conditions:
V = V exp ln Psat (5.1)
where V is the volume of refrigerant adsorbed in micropores of adsorbent at temper-
ature T, and relative pressure p/psat. V is the total volume of micropores accessible
to a given refrigerant adsorbate; EO is the characteristic adsorption energy; and the
affinity coefficient # (= 0.2 herein) is the ratio of adsorption potential of the ad-
sorbate to a reference adsorbate (e.g., benzene). After D-R fitting, V and EO were
calculated to be 0.36 ml g- 1 and 91.4 kJ mol-1, respectively. The average equilibrium
concentration, 0 eq of the adsorbed phase is determined using the micropore volume,
V as Ceq = VPadPw/MW. As a result, the maximum adsorbed phase concentration
is given by Ceq = VoPadPw/MW.
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Figure 5-9: Adsorption and desorption isotherm of zeolite 13X-water pair
at 25 C. Measured using an adsorption analyzer (DVS Vacuum). Courtesy of Dr.
X. Li of MIT.
The intracrystalline vapor diffusivity was estimated as discussed in chapter 3.3.4.
With zeolite 13X particle size of -2 pm (figure 5-10), the intracrystalline diffusivity
was estimated to be ~1.2E-16 m2 s-1 at 250C.
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Figure 5-10: Scanning electron microscope (SEM) image of zeolite 13X in-
filtrated in porous copper foam. SEM images were taken using 6010LA SEM,
JEOL.
5.5.2 Initial charging of thermophysical battery prototype
A schematic illustrating initial charging procedure of the thermophysical battery pro-
totype is shown in figure 5-11. The ECU was filled with deionized water until lower
helical coil evaporator is fully submerged. Then the ECU and ABU were intercon-
nected as shown in figure 5-11, and interfaced with a vacuum pump and liquid nitrogen
cold trap. Multiple valves (VI, V2, and V3) are shown in figure 5-11. The charging
(regeneration and removal of non-condensables) of the ABU is carried out by operat-
ing vacuum pump and liquid nitrogen cold trap (Valves VI and V2 open and valve V3
closed). Attached heaters on the side of ABU was used to maintain the ABU at high
temperature (~150'C) to facilitate desorption at low pressure (-10 Pa). After the
ABU regeneration step, the ECU was evacuated with the vacuum pump by closing
the valve V2 and opening the valve V3 to degas the refrigerant by freezing the water.
After the ECU degassing, all valves were closed. Both the ABU and ECU was then
thermally equilibrated with the ambient by circulating coolant loops.
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Figure 5-11: Schematic illustrating initial charging of thermophysical bat-
tery using vacuum pump and liquid nitrogen cold trap.
5.5.3 Performance characterization of thermophysical battery
prototype
For the experimental characterization of the thermophysical battery, the ABU was
interfaced with an air-cooled heat exchanger whereas the ECU was interfaced with
temperature control bath to provide desirable temperature input. The heating and
cooling performance can be characterized with an energy balance: Q =Tm - c,- AT.
Where Q, r4, and AT are heat transfer rate of ABU or ECU, mass flow rate through
coolant loop, and coolant temperature difference across inlet and outlet of ABU or
ECU, respectively. In order to predict the performance of thermophysical battery,
computational analysis of ECU and ABU was carried out by considering simplified
representative unit cell as shown in figure 5-12. The total adsorption rate in the ABU
is calculated by volume integration, taking void volume of the ABU into account, of
equation 3.10 as
dVC (5.2)
Pressure, vapor density, and temperature profiles of the ABU and ECU are shown
in figure 5-13. Vapor density is evaluated from the ideal gas low (p = PR--T-1 )
with experimentally measured pressures, and ABU and ECU temperatures. Pre-
dicted evaporation rate and temperature profiles based on experimentally measured
boundary conditions (vapor pressure) are also shown in figure 5-13 (D). More details
of the computational analysis can be found in [251.
The measured overall heating and cooling powers are shown in figure 5-14. The
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Figure 5-12: Representative unit cells for ECU and ABU for computational
prediction.
heating is shown in positive values and the cooling is shown in negative values. The
predicted heating and cooling powers are also overlaid. In the current prototype con-
figuration with commercial zeolite 13x with optimized parameters, '-1 kW of heating
and cooling powers can be delivered. The temporal average heating power at temper-
atures above 40'C is higher than 900 W. For the cooling power under temperatures
below 15'C is higher than 650 W. The maximum heating and cooling powers measured
are 1300 W and 980 W, respectively. After the discharging and characterization, the
thermophysical battery was attempted to be recharged with attached heaters without
assistance of the vacuum pump (i.e., condensing desorbed vapor with the ECU). How-
ever, due to the thermal epoxy used in the ABU during stack fabrication process, at
temperatures above 100-150C, significant increase in pressure due to non-condensable
gas generation was observed. Furthermore, aluminum fins used in the ABU can likely
generate hydrogen gas upon water exposure at elevated temperatures. This can be
managed by eliminating outgassing elements, such as thermal epoxy compound and
aluminum-based components, which is further investigated in chapter 6.
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Figure 5-13: Performance characterization of thermophysical battery. Vapor
pressure (A) and vapor density (B) as a function of time in the ABU and ECU.
(C) Temperature profiles of ABU and ECU. Solid lines represent spatially averaged
predicted temperatures. (D) Predicted evaporation rate and net evaporation with
computational model. Inlet and outlet temperatures of the coolant loops in the (E)
ABU and (F) ECU. Solid or dashed lines represents predictions. Courtesy of Dr. S.
Narayanan, currently at Rensselaer Polytechnic Institute. For more details, see [25].
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Figure 5-14: Performance characterization of thermophysical battery. Power
profiles of the ABU and ECU as a function of time. Solid lines represents computa-
tional predictions. Courtesy of Dr. S. Narayanan, currently at Rensselaer Polytechnic
Institute. For more details, see [25].
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5.6 Summary
Thermally-driven adsorption-based thermal energy storage is a promising option to
address associated issues in climate control. Its ability to utilize waste-heat or low-
grade heat sources can facilitate use of renewable energy sources. In this chapter,
successful development and characterization of the concept of thermophysical battery
for storage-based climate control is discussed. Using commercial zeolite 13X and water
as a refrigerant, the prototype demonstrated heating power excess of 900 W above
40"C and cooling power excess of 650 W below 15'C temperature. The measured peak
powers for heating and cooling are 1300 W and 980 W, respectively. This corresponds
to peak heating specific powers of 103 W L- 1 and 65 W kg-1, and peak cooling specific
powers of 78 W L and 49 W kg-1. Significant improvements in both power and
energy densities of the thermophysical battery can be realized with choice of higher
sorption capacity adsorbents, such as MOFs and novel zeolites [19J. While current
prototype was constructed within a bulky enclosure for proof-of-concept testing, in
chapter 6, a compact generation 2 thermophysical battery prototype that can be
cycled continuously (adsorption and desorption) once fully charged and designed to
integrate within an electric vehicle platform is discussed.
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Chapter 6
Adsorption-based thermophysical
battery for storage-based climate
control: Generation 2
Based on the success of the proof-of-concept prototype discussed in chapter 5, several
improvements are incorporated in the generation 2 prototype specifically focusing on
implementation in an electric vehicle (EV) platform. Modular adsorption bed units
(ABU) were designed with light-weight sheet metal enclosures which would enable
packaging in an EV. A brazing process was incorporated in the ABU fabrication
to minimize non-condensable generations during operation. Secondly, complete re-
design of the evaporator-condenser unit (ECU) was undertaken to demonstrate the
cyclic operation of the prototype. The ECU part of the work was done by collab-
orators in Northeastern University (Professor Hidrovo group). In addition to these
improvements and objectives, the final goal of this development was to ensure that
the adsorption beds (ABU), ECU, vacuum connections, and the auxiliary coolant
components could be successfully packaged into an EV with minimal disruption to
existing components.
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6.1 Design and material improvements for genera-
tion 2 thermophysical battery prototype
6.1.1 Material of construction
First generation thermophysical battery climate control system revealed that during
the cyclic operation, there is a significant production of non-condensable gases. The
performance of the system can be critically limited by the presence of non-condensable
gas which significantly increases transport resistance of desorbed vapor to the con-
denser surface and hence cease the condensation process. Based on the material
considerations, the thermal epoxy used in the generation 1 prototype, and the inter-
action of aluminum and water vapor is a likely source of this non-condensable gas
(H 2). The incompatibility of aluminum and water is also advocated by the heat pipe
industry, which operates in reduced pressure conditions as well. In order to eliminate
such deleterious interactions in the generation 2 prototype, a conscious effort was
directed in eliminating aluminum from all structures. Materials like gold, silver, and
copper offer excellent compatibility with water. Unfortunately, these materials are
impractical from an economic and mechanical rigidity perspective. In order to mini-
mize the weight of the ATB system, a sheet metal construction of the enclosure would
be ideal, and soft materials such as copper are not feasible. Stainless steel offers a
reasonable trade-off between the sought stability with water and excellent mechanical
properties that would enable the construction of a light-weight, sheet metal enclosure.
A passivation treatment may additionally be required to ensure minimal generation
of non-condensable gases.
6.1.2 Adsorption enclosure design
An important consideration in the design of the adsorption bed (ABU) is to reduce
the weight of the prototype. While copper is a material for hydrothermal stability, its
low strength to weight ratio makes it a poor candidate for the adsorption enclosure.
On the other hand, while aluminum has excellent strength to weight ratio, its prone
to hydrogen gas generation at high temperatures in the presence of water. In light of
these considerations, SS-304L emerges as a good candidate material for the adsorption
enclosure. Based on discussions with several companies, we were able to identify Atlas
UHV, WA as a partner for the fabrication of the adsorption enclosure.
The adsorption enclosure design (developed at MIT by Dr. S. R. Rao) enabled
the integration of the fully fabricated adsorption stacks into the enclosure frame and
hermetic seals (fabricated by Atlas UHV). The adsorption enclosure comprises of two
halves, each made of sheet metal (SS-304L for stability in vacuum) and measuring 1.5
mm in thickness. The exploded view of the adsorption enclosure is shown in figure
6-1. During the assembly of the adsorption system, the sheet metal parts was pressed
onto the slightly bent fins to achieve a conformal contact along the length of the bed.
The lapped seam in the center of the two halves allows for this flexure and provides a
suitably accessible lap joint for welding. The end plates were then brazed to complete
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the enclosure. This process was repeated for the second adsorption bed in the ATB
system.
It is also important to consider the additional mass transfer resistances introduced
by a form fitting adsorption enclosure. In order to minimize these effects, grooves
were fabricated along the top and bottom face of the enclosure to serve as channels
for the vapor transport (grooves of ~1.5 cm). The space under the curved top and
bottom plates aims to allow the flow of refrigerant vapor within the adsorption bed
without major resistance.
In order to facilitate desorption (i.e. charging/regeneration), the generation 1
prototype used flat-plate heater arrangements and aluminum spacers as heat spread-
ers. In this iteration for the generation 2 prototype, ABU enclosure was hermetically
sealed, requiring no operational maintenance. In case of a heater failure, internal
placed heaters would require an extraction. Thus, resistive heaters were attached in
the side walls of the enclosure as shown in figure 6-2. In this external configuration,
the heaters would be in thermal contact with the walls of the enclosure. Copper fins
of each stack was designed to be slightly larger than stacks. These wing-like extra
length fins were bent over the stack during compression enclosure integration process.
This serves as a heat spreader from the heaters to stacks during the regeneration.
Stamped sheet metal:
suitable for scale-up
Lapped seam for
welding Front view
Grooves for vapor
transport (h = 1. cm)
Pressure drop does not
limit adsorption or
desorption
Figure 6-1: Exploded view of the adsorption enclosure. The lapped seam
will allow for the stacks to be pressed tight against the enclosure walls prior to the
welding of the lap joint. This measure will ensure a conformal contact line across the
fin-enclosure interface. Courtesy of Dr. S. R. Rao of MIT.
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Figure 6-2: Schematic representation of the proposed scheme for the inte-
gration of the adsorption stacks into the enclosure. The fins act as a heat
spreader by allowing a conformal contact interface with the heated enclosure walls.
R represents thermal contact resistance. Courtesy of Dr. S. R. Rao of MIT.
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6.1.3 Development of copper foam-fin brazing interface
Developing an excellent thermal and structural bond between the copper foam binder(4 mm thickness) and the fin (150 pm thickness) is crucial to the performance of the
thermophysical battery system. It ensures the minimal thermal resistance to the
heaters, allowing efficient desorption. Efficient thermal conduction pathway to the
coolant lines through the foam to provided high quality heating during adsorption.
Bonding the fins and the foam using thermally conductive epoxy (generation 1
thermophysical prototype) may not represent a feasible option due to its potential to
generate non-condensable gases. Using a solder-based technique is also challenging
given that many material combinations have their softening and melting temperature
in the 150-200'C temperature range. This could lead to thermal and mechanical issues
by repeated cyclic operations. Brazing is a high-temperature process, which could
help alleviate the relatively more challenging desorption process at -200'C. It is also
practiced extensively in the industry and well understood process. A commercially
available braze alloy comprising of copper, silver, and indium was identified as a
potentially viable solution. VacuBraze (Perkasie, PA) was identified as a vendor for
this brazing process. Figure 6-3 shows brazed copper foam binder-fin structure with
Permabraze 616 VTG alloy (61.5% silver, 24% copper, and 14.5% indium). Melting
point of this alloy (705'C) allows desorption operation above 200'C.
Figure 6-3: Photo of brazed copper foam binder with fin. (A) Top view of the
foam-fin-foam composite layer. (B) Side view of the adsorption stack showing the
clean interface produced after the brazing operation. Courtesy of Dr. S. R. Rao of
MIT.
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6.1.4 Zeolite infiltration and structural binder
After the brazing process, zeolite 13X infiltration was carried out as described in
chapter 5 and 25. Infiltrated ABU stacks were then coated with structural binder.
The chemical composition of the binder is SiO 2 : 0.04 A12 0 3 : 0.7Na2O: 31.5 H20. Each
batch of the structural binder growth was performed on approximately 50 adsorption
stacks. First, 2.5 kg of sodium hydroxide was* dissolved in 19.5 L of water. This
solution was stirred for 20 minutes before the addition of 3 kg of silicon dioxide
powder and the resulting mixture was stirred for 1 hour. A separate solution of 6.5
L of water and 0.5 kg of sodium aluminate was parallel mixed for 1 hour. The final
step of the chemical preparation process involved the mixing of these solutions using a
mechanical mixer for 1 hour. This solution was poured into the reaction vessel (where
-50 stacks are arranged) and the container was sealed and heated. The reactor vessel
was then heated at 100'C for 4 hours and allowed to cool overnight. The stacks were
then extracted and rinsed thoroughly in fresh DI water for 4 hours. The cleaned
stacks were then inspected and dried for 3-4 days to remove all traces of excess (non-
adsorbed) water. Resulting infiltrated dry density of zeolite 13X was around 500-600
kg m-3 . Structural binder was developed by Dr. X. Li of MIT.
6.1.5 Coolant tube and enclosure integration
The infiltrated ABU stacks were arranged in a spacing of -480 ,um using steel sheet
cuts. Similarly done in generation 1 prototype, copper tubings were inserted into each
coolant holes and expanded via tube expansion process. After tubing integration,
steel cut spacers were removed. Tube integrated ABU units were then enclosed with
stainless steel enclosure at external vendor (Atlas UHV, WA) as schematically shown
in figure 6-4. Stamped sheet metal shells (2 for each ABU enclosure) were compressed
mounted from the side (figure 6-1), allowing wing-like extra fin to bent over the stacks.
Then metal shells were welded together to create hermetically sealed enclosure. Mass
of specific components in each ABU are copper fin (2.2 kg), copper tubes (1 kg),
copper foam (4.7 kg), brazing elements (0.4 kg), dry zeolite 13X (6.5 kg, 80-85 stacks
in each ABU), maximum water adsorption (~2 kg), and steel enclosure (9 kg). Total
weight and volume of each ABU is -26 kg, including water, and 16 L, respectively.
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Figure 6-4: Highlights of the current design of the adsorption enclosure.
The light weight sheet metal geometry has grooved top and bottom faces, that allow
of a robust welded seal, as well as a gap for unimpeded vapor transport.
6.2 System integration and characterization
6.2.1 System test platform
The assembly of the test platform for testing of the generation 2 prototype was
completed at MIT. The test platform allows for all components of the prototype,
including the ABU (2 units), the evaporator/condenser unit, the heater core (from
Ford motor company), the radiator (from Ford motor company), and the inventory
associated with the flow control and pumping requirements. The fully completed test
platform allows reversible operation between heating/cooling and regeneration modes
(figure 6-5). Coolant loops were filled with ethylene-glycol and water mixture (50:50
by volume). Flow pumps (not shown) allow flow of coolant through the ABU and
ECU. Schematics of the heating and cooling modes are shown in figure 6-6.
After the integration of the testing platform, the ABU was desorbed with attached
heaters (at -200'C) with a vacuum pump (at <100 Pa) and liquid nitrogen cold trap.
After the initial charging of the ABU, refrigerant (water) in the ECU was degassed
with the vacuum pump and liquid nitrogen cold trap. After the initial charging
process, both the ABU and ECU were thermally equilibrated to the ambient.
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Figure 6-5: Photo of integrated thermophysical battery generation 2 proto-
type test platform. 1,2: adsorption beds (ABU), 3: vapor manifold, 4: ECU, 5:
radiator, 6: climate core, and 7: desorption control panel. The pictured vacuum hose
is used for initial charging the system only.
UOUT
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OUT
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ou+-~iJM
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Figure 6-6: Schematic of the heating and cooling modes of the thermophys-
ical battery generation 2 prototype test platform. A vapor manifold connects
the evaporator and adsorption bed units, allowing vapor transport from the evapora-
tor to the adsorption bed.
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6.2.2 Systematic characterization (Cooling and regeneration
modes)
Experimentally characterized systematic performance of the generation 2 thermo-
physical battery prototype is shown in figure 6-7 during cooling mode, schematically
shown in 6-6. The thermal energy from the heater core heat exchanger is used to
drive the evaporation process. The generated vapor is passively transported to the
adsorption bed and the generated heat of adsorption is rejected to the ambient (figure
6-7 A). Vapor pressure, heating and cooling powers, ABU temperature and predicted
water uptake profiles are shown in figure 6-7 B, C, and D, respectively. The ABU
temperature profile was measured with embedded thermocouples within the ABU
enclosure. Experimentally characterized heating (ABU) and cooling (ECU) energy
densities were 3.64 0.35 kWh and 2.44 0.7 kWh, respectively. The coolant temper-
atures in and out of the ABU and ECU are shown in figure 6-8 A and B, respectively.
Note that in order to demonstrate reversible operation (discharging and charging),
prior to this experimental characterization, the system was regenerated with only the
ECU and attached heaters (without vacuum pump assistance).
After the ABU was saturated with water, regeneration/charging process was car-
ried out by, first, evacuating the ABU coolant loop into a reservoir. This reduces the
thermal energy requirements for bed heating (sensible heating and boiling of coolant
loop). The temperature controlled heaters were then activated with a set-point of
3000C, which led to a steady state stack temperature of -225*C. Desorbed vapor
from the ABU was condensed simultaneously by the ambient-cooled ECU. The ther-
mophysical battery prototype regeneration process is schematically shown in figure 6-9
A. The vapor pressure and ABU temperature profiles during the regeneration/charg-
ing process is shown in figure 6-9 B and C, respectively. Computational prediction
was used to fit the ABU experimental temperature profile (figure 6-9 C) and is used
for the water uptake prediction. Prior to the regeneration, water uptake in the ABU
was predicted to be 0.34 kg kg-1 (kg of water per kg of zeolite 13X) based on the
vapor pressure, ABU temperature, and adsorption isotherm (figure 5-9). After the
regeneration process, the remaining water uptake in the ABU is predicted to be 0.04
kg kg-1 . Therefore, ~0.3 kg kg-1 of water adsorption capacity can be utilized for
the discharging operation. Total desorption energy used by the resistive heaters was
estimated from the computational analysis to be -6.95 kWh.
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Figure 6-7: Experimental characterization of generation 2 thermophysical
battery prototype (cooling mode). (A) Schematic illustrating thermophysical
battery discharging. (B) Vapor pressure profiles in ABU and ECU during charac-
terization. (C) Heating (ABU) and cooling (ECU) power profiles. (D) Temperature
(ABU) and predicted water uptake profiles. exp and model denote experimental data
and prediction, respectively.
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Figure 6-8: Experimental characterization of generation 2 thermophysical
battery prototype (cooling mode). Coolant in and out temperatures (A) ABU
and (B) ECU.
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Figure 6-9: Experimental characterization of generation 2 thermophysical
battery prototype (regeneration/charging mode). (A) Schematic illustrating
thermophysical battery regeneration/charging. (B) Vapor pressure profiles in ABU
and ECU during regeneration/charging. (C) Temperature (ABU) and predicted water
uptake profiles. exp and model denote experimental data and prediction, respectively.
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6.2.3 Systematic characterization (Heating mode)
The thermophysical battery system configuration was changed to heating mode,
schematically shown in figure 6-6. Characterization was carried out similar manner
as described in chapter 6.2.2. Pressure, heating and cooling powers, ABU tempera-
ture, and coolant in and out temperatures are shown in figure 6-10 A, B, C, and D,
respectively. The heating (ABU) and cooling (ECU) energy densities were character-
ized to be 3.4 0.36 kWh and 2.46 t 0.78 kWh, respectively. The variation in the
power performances in the heating and cooling modes (figures 6-7 and 6-10) was due
to the performance of heat exchangers (heater core and radiator) integrated in the
test platform.
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Figure 6-10: Experimental characterization of generation 2 thermophysical
battery prototype (heating mode). (A) Vapor pressure profiles in ABU and
ECU during characterization (heating mode). (B) Heating (ABU) and cooling (ECU)
power profiles. (C) Temperature (ABU) profile. (D) Coolant in and out temperatures
in ABU and ECU.
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6.2.4 Computational prediction
The experimentally measured boundary condition (vapor pressure) was used to model
and predict the performance of the generation 2 thermophysical prototype. Compu-
tational analysis was based on the theoretical framework presented in chapters 3 and
5. A simplified unit cell representing the ABU is shown in figure 6-11 A and B. The
enthalpy of adsorption for the zeolite 13X-water pair was adopted from chapter 2 as a
function of uptake. Generated heating (ABU) and Cooling (ECU) is ultimately trans-
ferred to the ambient through coolant loops and air-cooled heat exchangers. During
the cooling mode, the overall heat transfer coefficient (UA) values were experimen-
tally determined by the log-mean temperature difference between the ABU or ECU
temperatures to the ambient. The experimentally determined UA value for ABU to
ambient was -52 W K-1. For the UA value of the ECU varies between 150 to 300
W K 1 due to uncertainties in temperature difference measurements and reduction in
mass of refrigerant (water) in the ECU during the operation. As water evaporates,
the resistance to transfer heat from the evaporating water surface to the evaporator
coil changes and affects the overall heat transfer coefficient. The average UA value
was ~185 W K-1 and it was found that an UA value of 150 W K-1 provided the best
matched prediction from the ECU experimental performance data. Using the pre-
dicted rate of adsorption, the ECU cooling power was predicted using the UA value of
150 W K-1 . Here, the initial refrigerant (water) mass of 30 kg is assumed as a thermal
mass. The ECU cooling power was predicted using the following energy equation,
mWcP' aT = -mevap - hfg + UA(Tambient - T) (6.1)
where mw, cP,,, mevap, hfg, and Tambient are mass of water in ECU, specific heat
of water, evaporation/adsorption rate, latent heat, ambient temperature (25 0C), re-
spectively. The mass of water reduces at evaporation/adsorption rate. The initial
mass of water and UA value were essentially fitting parameters for the cooling power
prediction.
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Figure 6-11: Simplified unit cell from figure 5-12 for computational mod-
eling. (A) Schematic of ABU single stack. (B) Simplified unit cell (enclosed red
box) for computational prediction of ABU. Red arrow represents a boundary for heat
transfer to the ambient. Remaining boundaries are adiabatic. Blue arrow represents
a boundary for vapor transport. (C) Thermal resistance circuit connecting ABU and
ECU to ambient via overall heat transfer coefficient (UA). Predicted adsorption rate
as a function of time was used to model the ECU cooling power.
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6.3 Summary
Thermal energy storage-based climate control offers a promising strategy to address
the currently limited driving range of EVs. The adsorption-based thermophysical
battery consists of hot and cold terminals, which can be maintained at different tem-
peratures. Like a conventional electrochemical battery, the thermophysical battery
can operate cyclically via charging and discharging processes. It is designed to store
and deliver high energy and power densities by leveraging high-capacity sorption pairs
and optimizing the performance based on the choice of materials and operating con-
ditions. Unlike a traditional heat pump, it can be operated with intermittent heat
sources to provide climate control.
The mass and thermal transport characteristics of adsorbent systems was also
thoroughly examined to understand the inherent limitations and to open avenues for
system optimization. Experiments and computations were used to develop guidelines
to identify optimum adsorbent stack/bed design for given requirements of power and
capacity. Utilizing these innovations and optimizations, two prototypes were built
and tested. The first served as a proof-of-concept, while the second was geared
towards the development of a prototype which was suited for installation inside an
EV. Using zeolite 13X-water pair, this study demonstrates heating in excess of 2 kW
at temperatures exceeding 60*C, and 1.6 kW of cooling at temperatures less than
10C. The maximum heating and cooling powers observed were 3 kW and 2.6 kW,
respectively. The temporal performance characterization indicates that the power
and driving temperatures delivered for heating and cooling can vary significantly
in time. While it is possible to provide an initial surge in performance, a steady
performance with constant heating and cooling power and thermal potential is also
realizable. These operational characteristics can be implemented with a simple flow
control mechanism to modulate vapor transport between the adsorption beds (ABU)
and the evaporator.
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Chapter 7
Conclusions and future work
7.1 Conclusions and contribution
This thesis investigated experimental, theoretical, device/system-level development
of adsorption-based atmospheric water harvesting and storage-based climate control
technologies. A summary of conclusion and contribution of each chapter is delivered
below.
In chapter 2, a novel characterization technique to characterize the enthalpy of
adsorption of various adsorbent-water pairs was discussed. The technique relies on
using state-of-art DSC and TGA systems, therefore, can easily be adopted. Further-
more, this technique can estimate the adsorption enthalpies as functions of adsorbate
uptake and temperature, including typical type I adsorbents.
Part I: Adsorption-based atmospheric water harvesting.
In chapter 3, an in-dept investigation of metal-organic framework(MOF)-801
[Zr 6O4(OH) 4(fumarate)6 ] for the atmospheric water harvesting application was pre-
sented. Theoretical and optimization frameworks, and experimental and proof-of-
concept investigations will serve as a generalized framework for studying various types
of novel adsorbents for the atmospheric water harvesting in wide-range of humidity
conditions.
In chapter 4, following the optimization guidelines discussed in chapter 3, demon-
stration of an air-cooled optimized atmospheric water harvesting device based on
MOF-801 in exceptionally arid climates (Tempe, Arizona, United States) was pre-
sented. Experimental demonstration and water quality analysis conclude that the
MOF-based atmospheric water harvesting device can indeed deliver fresh clean water
efficiently under the conditions where the operation of the state-of-art dewing-based
technology is infeasible.
Part II: Adsorption-based storage-based climate control.
In chapter 5 investigated the development and optimization of the adsorption-
based thermophysical battery concept for the storage-based climate control using
commercial zeolite 13X-water pair. The developed proof-of-concept prototype con-
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firmed that the concept of thermophysical battery is a promising option for the next
generation high energy density thermal energy storage system that can utilize abun-
dantly available low-grade heat sources.
In chapter 6, Generation 2 thermophysical prototype was constructed based
on findings and considerations discussed in chapter 5. With several improvements
in material choices, sources of non-condensable gas generations were minimized to
operate the system continuously. Currently, generation 2 prototype is under testing
at Ford Motor Company.
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7.2 Future work
7.2.1 Adsorption-based atmospheric water harvesting
As discussed in this thesis, adsorption-based atmospheric water harvesting is an ex-
citing field where fresh water can be captured and delivered efficiently even in excep-
tionally dry desert conditions. However, in order to enable commercial-scale device
and systems, several research and developments should be pursued including:
* Development of scalable and hydrothermally stable novel adsorbents that has a
steep water uptake (step-wise isotherm) within narrow range of humidity conditions.
Currently, MOF-801 investigated in this thesis is not commercially available.
* Optimization of adsorbent particle density and size. MOF-801 used in chapter
3 has a crystal diameter of -0.6 prm which limited the intercrystalline diffusion at
low packing porosity (-0.5). MOF-801 used in the climate testing (chapter 4) has a
crystal diameter of -1 pm that mitigated the intercrystalline diffusion resistance. In
addition, the crystal density affects the packing density and porosity of the adsorbent
layer. While the inter-relation of these parameters are clearly identified in this thesis,
experimental realization of optimized parameters is the next step forward.
o The theoretical framework presented in this thesis extensively described the en-
ergy and mass transport, and was validated experimentally. However, more compre-
hensive considerations such as buoyancy transport, Maxwell-Stefan multicomponent
diffusion, and intracrystalline diffusion as functions of temperature and water uptake
can further improve the theoretical framework. For instance, at a high desorption
heat flux, the rate of desorption can be sufficiently high where the assumption of
dilute specie (i.e., vapor in air) diffusion may not describe the transport accurately.
o Development and engineering of compact configurations (e.g., bed-type archi-
tecture). Considerations presented in this thesis can be extended to a higher output
system by integrating multi-layer adsorbent stacks into a compact bed-type archi-
tecture [25, 89, 90], common to many classes of adsorption systems as discussed in
chapters 5 and 6. The merit of the bed-type architecture is that in addition to solar-
thermal, waste heat or low-infrastructure sources of energy such as biomass can be
used to drive the desorption process (eliminating the need for a planar adsorber).
While such a system configuration can enable higher output, the limitation of this
approach is the need for auxiliary components (e.g., pumps) and higher system com-
plexity to efficiently route the thermal energy to the various layers in the bed.
* Optimization and engineering of the vapor transport during the adsorption and
desorption processes. As outlined in this thesis, the air-vapor transport resistance
between the adsorber and condenser during water production can significantly delay
the process and reduce the thermal efficiency. Though, buoyancy-assisted desorp-
tion/condensation discussed in chapter 4 significantly enhanced the vapor transport,
considerations for the larger scale system should be investigated. In addition, novel
adsorbent layer design (e.g., array of fin-like architecture) with extended surface area
for the vapor adsorption can enable significant increase in water adsorption capacity
per given adsorbent base area.
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7.2.2 Adsorption-based storage-based climate control
The adsorption-based thermophysical battery discussed in this thesis promises thermally-
driven high energy density compact climate control systems. While commercial ad-
sorption chillers are already available, the thermophysical battery concept presented
in this thesis significantly increased the volumetric and gravimetric energy densities
with extensive optimizations. However, in order to develop commercial-scale system,
several research and developments should be pursued including:
e Development of scalable adsorbents that require lower regeneration tempera-
tures. Type I zeolite 13X used in the thermophysical battery prototypes requires the
regeneration temperature in excess of 200"C. This characteristic will limit the uti-
lization of abundantly available low-grade heat sources (~100-C [3, 4, 5]). Desirable
sorption characteristics for the heating and cooling applications with a lower source
temperature is the type I-like isotherm but at slightly higher relative pressures, such
as at 1-5%. This can reduce the required source temperature for the regeneration
down to 100-150'C.
e Control strategy for the heating and cooling powers. The characterization strat-
egy presented in this thesis is simply connecting the ABU and ECU. Thus, heating
and cooling powers peaked in the initial stage of the performance characterization
when the rate of adsorption is at the maximum. However, in climate control ap-
plications, it is desirable to control these powers. One example of such strategy is
throttling the vapor transport between the ABU and ECU. This could control the
rate of adsorption and evaporation.
* Development of a fabrication process for high volumetric energy density. In
order to increase the volumetric energy densities, densification of adsorbent stacks
in the ABU is necessary. While this process was not explored in this thesis, it is
essential to develop a scalable fabrication process of the densified adsorbent stacks
for a commercial-scale system.
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